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20. foundation for the construction and use of a place vocabulary, the
symbolic descriptions of space required to do qualitative reasoning about
motion in the domain.

The actual motion of a ball is described as a network consisting of
descriptions of qualitatively distinct types of motion. Implementing the
elements of these networks in a constraint language allows the same elements
to be used for both analysis and simulation of motion. A qualitative
description of the actual motion is also used to check the consistency of
assumptions about motion.

A process of qualitative simulation is uced to describe the kinds of
motion possible from some state. The ambiguity inherent in such a description
can be reduced by assumptions about physical properties of the ball or assumptions
about its motion. Each assumption directly rules out some kinds of motion,
but other knowledge is required to determine the indirect consequences of making
these assumptions. Some of this knowledge is domain dependent and relies heavily
on spatial descri ns.
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Abstract

Reasoning ahotit Illotiol is all important part of our coinmonsense k not\ ledge. inh iing flueilt

Spatial reasoning. This \%ork studies the qtilitati\c and gcnitet ric kntledge rcqircd to rcas l ill a

orlId that consists el" hail, 1i o\i og through space constraned h) collisions m ith SITIl'ices, in)cl udi ng

disipati\ e forces and multiple 1110\ ing Objects.

Aii analog g oll tr , representation serves the program as a diagrami. alhmini g llyl spatial

(lticstioins to he anlsvcred h imeric calculatim. It also providCs the foundation for the construction and

ue tf a place ocabular , the s nmboli: descriptions of Space required to do q t litati,\, rea , ning abott

motion in the domain.

The actual motion of a ball is describcd as a netw i k con sistin g of descriptioLns of( qtlialitatiely

distinct t)pes of motion. Implenenting the elements L)f these ncorks ill i comstraint Lmgtage hIllos

the same elements to be used for both analysis and simuillatioin of imloition. A qLilitati\ e desciipti(n of the

actual motion is also used to check the consistency of assumptions about motion.
A process of qualitative simulation is used to describe the kinds of oiion possible froin some

state. The ambiguity inherent in such a description can be reduced by assutmptions about physical

properties of the ball or assumptions about its motion. F.ich assumption directly rules out some kinds of
motion, but other knowledge is required to determine the indirect cLisequ !nces of making these

assumptions. Some of this knowledge is domain dependent and relies heavily oil spatial descriptions.

Thesis Stupervisor: Professor Geraild Stussman

TFitle: Associatc Professor of Flectrical Figincering and Computer Science
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I. Introduction

1.1 The problem under study

We are very good at reasoning about motion through space. For example, we know that if two
balls are thrown into a well they call collide, but if one ball is always in the well and the other always
outside the) cannot. The knowledge we use in this situation appcars simpler than formal mechanics, and

is based on our experience with the physical world. This qualitative kind of understanding requires fluent
spatial reasoning. Capturing the knowledge needed to reason about motion bring: us closer to an explicit
understanding of cornmonsense knowledge, important both for understanding hw Wv people work and for
making our machines smarter.

In this work the qualitative and geometric knowledge needed to undersland the motion of balls

through space under the influence of gravity is examined. The computational aspects of these problems
were inestigated by writing a computer program called [ROB, which reasons about these situations.

1.2 Main Ideas

This work studies the role of geometric and qualitative knowledge in reasoning about motion

through space. The central ideas are summarized here.

Spatial Reasoning-

1. We have not yet discovered quite why people are good at reasoning about space. Certain
techniques we know how to program (such as algebraic manipulation and proving theorems) do not seem
to capture this ability. My theory is that an extra edge people have in dealing with space is their visual

apparatus. In particular, spatial questions can often be decided by interpreting the results of perception.
This method can also be applied to pencil and paper diagrams, where the marks on paper reflect the

spatial irrangemnents of the things they represent. The geometry representation used in this work, the
Metric l)iagramn, requires all numerical parameters of its elements be specified. As a result, most spatial
questions can be decided by calculation.

2. There are several different classes of problems that we consider to involve spatial reasoning,

including navigation, knot tying, and motion pr, )lems. I claim that the most important factor these
problems share is a notion of P1.ACF. By PIACE, I mean a piece of space (point, line, surface, region,

etc.) such that all parts of it share some common property. Qualitative reasoning about space involves the
use of a vocabulary of PI ACI.S. whosc mterconnections and relationship; are specified s~ nbolically.
This vocabulary is especially melful if it is hased on a more anadog representation of space (such as the

Metric Diagramn used here). My. work cxplicates the PI1.ACI: ocabolary for a particular class of motion

problems.

I-ALMD1 .. .. M
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Qualitatic knowledge

1. 'lhe motion of an object can usually be described as a sequuec of qualitatively distinct

actions. In computational terms this corresponds to a network consisting of descriptions of each action,

linked by descriptions of the state of tlc object before and aftci each action. Forw ard deduction within
this network allows proposed motions t) be analyzed, including checking foi inconsistencics. If cach type

otfaction can bc described I) equations of motion, sulch a network can bc built b a process ofsimitlation.

Ihe adv autage of this form of" siunulaiion oer the traditional incremcntal time simulations is that the

computation time and the si/e of the r Si ting descriptio n are proportional t1) the qtil itati yC complexity

of the motion rather than the size of whatever time increment is used.

2. A description of the kincs of motion possible from some state can be generated by a

qualitative process or sinulation called emvisioning. One way to resolve the ambiguitir, inherent in such
a description is to simulate the motion. Physical assnuptions (such as the elasticity and energy of a ball)
and simplc qualitative constraints on motion (such as assuming that a ball cannot be in a particular place,

for example) can also reduce the number of possible motions. While each type of issumption directly

removes some of the possiblitics, qualitative knowledge about motion must be used to determine the

consequences of their removal. This qualitative knowledge is domain dependent and makes heavy use of
spatial descriptions.

1.3 The )omain and Sonic Questions

The Bouncing Ball world is the domain I have created for studying motion. A situation in this
world consists ' scene and one or more balls. "l1)e scene is a specification of surfaces in the form of a
two dimensional diagram, where the surfaces are restricted to being line segments. 'IT., balls are
considered to be point masses, and need not be perfectly elastic. Figure I contains a drawing of a

Bouncing Ball situation.
By restricting myself to this domain, I am ignoring

1. The third dimension
-a two dimensional diagram is all that is required
2. All forces other than gravity
-we do not allow the balls to be magnetic, charged, or made of wate:
3. Sliding
-friction is not an issue, nor the shape of a surface except at a point of contact
4. Complex shape
-we don't have to worry about how something lands, how it bounces differently if
it lands on a corner as opposed to a face, nor about the way a falling pendulum
might flail about
5. Spin
6. Air Resistance



Fig. I. T'he B1ouncing Buwll wvorld
To study motion through space, the liouncing Ball world was created.

A situation in die bouncing ball world consists of a scene and one

or inore balls. The sccIIC conSiStS Of surfaces modelled its line segmecnts

specified in a diagramn. Balls axe modelled as point masses.
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Motion after two balls collide will not be described. In part this is due to a lack of analytic
models for the actual exchange of'energy such collisions involve. More fundamentally, I wish to avoid the
problem of retracting the previously computed descriptions.

These restrictions simplify the domain greatly. They scent reasonable because peopie often do
not reason well about situations where air resistance, spin, ,and shape come into play.123

At this point the reader may despair of there being any questions of interest left. This is not the
case. The four basic question this work focuses on are

1. What can a ball do next?
2. Where can it go next?
3. Where can it end up? 4

4. Can these two balls collide?

As we shall see, answering these questions requires good descriptions of motion. Since motion
pervades our dealings Aith the physical world, knowing about it must be an important part of our
common sense knowledge. Understanding the Bouncing Ball world is important because it corresponds
to an important class of motion problems. I would identify three classes of simple motion as

SI,11)E (motion constrained by constant contact with a surface)
FLY (motion constrained by occasional contact and gravity)
SWING (motion constrained by rotational connection)

The relation of these classes of motion to common sense knowledge is illustrated by figure 2.
This simplfied ontology does not include shape (where SIII)E could become ROLIL), nor does it include
objects that are more interesting because of their material composition, such as strings and springs. A

theory for the Bouncing Ball world is a (two dimensional) theory for the FIY class of motion. Having
theories for each class of motion should allow the description of more complex motions by decomposition

into regions where these theories are applicable. Figure 3 shows how the operation of a sling can be
described in this manner. Further research is necessary to determine how much physical reasoning can
be done by representing space in two dimensional slices.

l In his book Newtonian Mechanics A. P. French mentions an "ill-advised" bet from the folklore of physics. Imagine two balls.
one which is dropped while the other is shot horiiontally from a cannon at the same heigh. Tbe bet concerns which one will strike
the ground first. If both balls are mo ing slowl), the) will of course hit at the same time. But air resistance will actually cause the
second ball to take longer to hit the ground if the muile velocity is high.
2. It is certainly irue thai people can bc experts at lennis, ping pong, and billards, all of" ,hich require undersanding spin. ihis
understanding is almost certainly qualilatin cand tbrmai,able in the framework presented here Our difficulty ai explaining why a
dropped book will spin in a stable fishion about only two of the three possible axes of rotation argues against our common sense
theory of spin being very deep.
3. ('raps would be less a sucker's game if we could predict how dice would roll. Ibe problem we have is not where they will hit

(which for most of the trajectory is independent of exact stape), but where they will bounce.
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Fig. 2. A sieii or the role of dyniamics in Coiiinionsense Kitowledge
Thec theory of dynamics Ior die Bouncing Ball world is a 21) hicory for FLY.

Commosens Knoledg

Intuiive Pysic

2D Dynmic
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Ug. 3. l)escrihiiig complex motion

IhCorics of simple motion can bc composed to form a dcscriprion of a complcx motion.
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1.4 IROB

A program called FROB was implemented to explore the issues of reasoning about the

louncing Ball world. This scction provides an overview of the descriptions and processes involhed in this
program and how they reflect the main ideas mentioned previously.

The interrelationships between the types of descriptions in IRO11 and I hc processes that create

and manipulate them are illustrated in Figure 4. Figure 5 is a schematized exanple of the descriptions

produced for a simple Bouncing Ball world situation.
The Metric grain is the principle geometric representation in FROI . Iniliallb it contains a

specification of the surface geometry for the scene. A set of geometric analysis routines breitks up the

space into solid regions and qualitatively distinct PI.ACFs. All spatial aspects of the arious descriptions

are represented by annotating this diagram with new elements as processing proceeds.

The basic qualitative description of free space is the Snace Qjrh. The nodes of this graph are

regions of free space and the boundaries between them (including surfaces and borders). The edges

express adjacency relations according to the label attached to them. The nodes of this graph and

collections of these nodes form the place vocabulary for a particular scene. Since each node is specified

within the Metric Diagram, mapping positions and trajectories into the qualitative space representation is

easy. The fact that nodes in the Space Graph do not overlap enables new places to be easily created by

composing nodes. The graph structure also serves as a framework foir several kinds of processing

involving qualitative descriptions of space. The place vocabulary is the same for all balls because each has

the same forces and none have shape or size.

The SCeUence Graph is a description of the possible motions a ball can undergo from some

state. It is couched in qualitative terms, and produced by a qualitative process of simulation known as

envisioning [dcKleer, 1975]. Intuitively, envisioning corresponds to "imagining what can happen". It can
be used as a way to summarize motion and as a device for assimilating certain assumptions about physical

properties of a ball and constraints on its motion. This assimlation process allows the use of the Sequence

Graph to check the correspondence of the actual motion of a ball with the assumptions made about it.

The actual motion of a ball is described by the Action Seguence. The Action Sequence consists

of instances of qualitatively distinct types of motion, linked by descriptions of the state of the ball

between these motions. It can either be created by the user fir purposes of analysis, or by a process of

quantitative simulation. In [ROB the descriptions of balls, states of' a ball, and types of motion are

expressed as constraints, which allows the same data structures to be used for simulation and analysis.

I)escriptions of balls and their motion can be added in an incremental taishion. IAch new piece

of infornation call cause I:ROIH to build new descriptions of motion and update old ones, inchding

checking for inconsistencies. Simulation is performed only upon request. 'These descriptions constitute

the program's understanding of the situation. The user may ask questions by calling procedures that

interrogate these data structures to produce an answer. Giving IFlR OH more information can result in a

better answer. For example, it takes more in formation to determine where two balls actually collide than

it does to determine only that they might collide.

-. *. -e
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Fig. 4. lIoi of information in lFROB
A situiation consists Of surfaces specified as it Metric D~iagram.

Geometric analysis deterniincs what parts of space are considered solid and
coimpuitCs a qualitati~c desription o~f fi spaicC. Information about balls,
thcir paramecters, and their motion can be added interactively.

Action Sequence

Sequence Graph

Envisionment

Bell

Descripton

DiGrrah

Sold
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F'ig. 5. D~escriptions use~d in FROll
Nitic D~iagram - basic geomnetry representation
Space Graph - Qualitativec description of space
ScqUnce Graph - Possible mlotions of a ball from a state
Action Sequence - ActUal motion of a ball
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IROII has been implemented both in MACI.ISI on the PI)II 10 and in tie dialect of I isp used
by CAI)R, the MIT I isp Machine. Many illustrations in this report use hard copy from the program.

1.5 Relationship to other work

The view of common sense knowledge used here is %crv similar to tile Naiive L s_ Ipproach

of I layesil layes al. IBlie\ ing that corm putational issues ., la cloud epistem(ol gical problems, I layes
identilies axionis of'common sense phl ysics independent oif imi plem en tatioin. 'I he onl y Naive PI) ,sics

theo r. de\elhped at present cOncernls rasolnig ahout liquids. I)eslpite a snhrcd i, leest ihn capturing the

kno\ledge needed to deal sith simple physical situations, my work differs i) v%( major waiqs. NMy work

explores coin pu tational issues. paricularly the use ol'a diagram. Seuondl). tiie impct o1' simpler kinds of

kno\\ ledge on a q uantitatike descnption is also considered.

A ver\ different approach is taken in jllundy)[Mcl)ermott and ILarkin]. and INosak], which

study tie k nowicldge required t(o solIe freshman physics protblems. lThe reasoin ing these pro grams

perform is \ery much like that explicitly reflected in the protocols o)1" human subjecls sol\ ing the same

pirtblel. 1 'I'hese prograrms usually includes some linguistic skill (the initial description is a word
problem), and concentrate on manipulating algebraic expressions to get "the anser". Only one program

of this type has been extended to deal with motion 2 , and none of them call sol\ e problems in\ olving
motion through space. INovak] and IMcl)ermott and I arkin] contain geometry representations they refer

it) as diagrams, but these express connectivity rather than free space.

These programs address many issues in addition to common sense reasoning, such as

understanding natural language input and nminimiziing the effort required to solve a specific problem.

"I hese issues are ignored in this work in order to better concentrate o describing motion.

'lhe role of qualitative knowledge in describing motion was first explored in IdcKIcer 751, which

described a program called NFWTON that solved problems about point masses sliding without friction

on surfaces. This "Roller Coaster" world is a subset of the SI.I)E case of motion in the ontology

presented earlier.

deKlcer introduced the notion of envisioning, which is the process of "imagining what will

happen". By ising local rules on a qualitative description of a scene NEWTON builds a data structure

that captures the possible motions an object can undergo. To determine what actually occurs requires

more information, because of the qualitative nature of the description. In NFWION the qualitative

ambiguities are classified, and special quantitative knowledge is attached to each class of ambiguity so

that it can be resolved by algebraic manipulation if relevant to the problem being solved.

I Matching a dcscrition of a program's behaviour to the protocol of a subject is a ,cductive wa) of esalhlaing a program. As
deKleer ha, pointed ot. an nidlthgcit problen solhcr should be able to answer ,tupid questions as %&ell as hard on . Te
trlpi eent it tls dc,, helpd In ir. imn to nlilatch prog ram performance to %urbal protocols has e not as a nile bad Ibis properly.

In re',pon1sC to d Klcler's \I WION. he I ('110 group aujiniet d their pitog Int to handle Ihe Roller ('oaster world 'ibh
l l i I d %1I ( '110 gncralcd ttttl the part or tih cens.jistnOitei ntccs'rr to answer a patlIcular qucstion.

IN



ITherie are three areas ill w hich FRO I is more pow e rfil than NI W M N. I rt. the geo metric

representition in U ROBl is inure sophisticated than that of NFW ION. Inl the Roller Coaster Wrld all

pitoblemis ame essentially one dimensional. T he only metric pn ipei-tics that caim he sp ec i led ill
NI WTION's geomfletry are heights of' named p oints. IThe Ioucin g B al Ao rld is ii ihenl two

d iens u tual. requiring a or e robust gcometric representatin .

Secohidl), the ein sO mmciii I ROll includes the effects ofdissipati~ e orcs mnd deducing (ie

conisequen1ces of qtualitatike assumlptionts about anl object's Inotion. It is illso tused to detect tlie possibility

of at collision between t~ o mlov ing obects. None of these issties wer-e tddressed in NIA WION. 'Ihle

em~isioner in NE:\VtON %as used rm.inly as a planning ile~ ce inl developing an) alls%%er to a posed

question by either pirosiding at direct answer or by determining what qtmaniti6ise infornmation should he

used. The ensisioniment ['ROll prodlc:S could certilyl be uISed in thie same %%at,, but this, w ok does not1

do so.
ILastly, the rule of quantitativ - know ledge in the t\&o programns is quite different. NI WION

used equnat ions to den en iminet-ic anld symbtolic saIlt ies floi stighlt aflter q 111ilies. I RB u1 ises equnat Ions

ats .a meanis Of Simulation. I )espite thiew differences they canl be comipared. NI WTON's rep resenltaltion1
can be thought of ats dy~namically building the subset of the constraint network reprecsentation used in

[ROB ror a situation that % ill pro% ide a value relevant to some goal. th is makes redundant. fortnls of an

equation troublesome. I n N lAVION, hasving the polar form of at circle and the cartesian lbrmil %Aould lead

to substitutions deris ing 0 =0. Onl the othcr hand, redundancy in [ROB's constraints allows ats much as

logically possible to be computed fromn information given. Redundant COtnpUtiotis which yield

different results indicate an inconsistency in the assumlptions underlying the anaysis. Constraint nietworks

like those used in I-ROBl could be used to compute symbolic vaues and drise algebraic manipulation

systerns (see !Suisstnan and Stallinan]., IStecle and Sussman]), if care is taken A.ith thle in formation gleanled
front the diagram. this issueC is discu~ssed inl section 3.6.

The notion of constraint tnetworks and dependencies used in [ROll originated with SuISsinan's

Enigineering Problemn Solving group at the MIT Artificial Inrtelligenice Laboratory. ITle constraInit

IliguJ.lge Used in much ol [ROll was designed by Steele and SUSSIManlSteeC and Sussnianl to exp~lain in

at mlore general lishion the ideas deseloped by the group's work in electronics. A circulit is described by
replacing its Components wkithl Constraint bodies that uise cells that hold kaloes for properties of the part,
arid roles to eniforce thle electr ical relationships between thlese cells. Wheni some value is k now n, the rules

fire to compute tother values. 'I his process Co1tntICS Until either all Cells areC Filled or no moore can be

deduced . there ire seseral ;adstjntages to this reisonitig technique. The milile tdpossible deductions is

hounded by [lhe si/c of the network, and ha1ving at vocabuilary hr61 the dtomtainl enables thle class of

prtoblems Mhich may be sot ed to be stated more clearly. Also, it is easy to keep track of' what rules set

whiich cells, which makes fiiiding tout what at saltie depends upon1 simple. [ROMl is an example of bow
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these ideas can be useful outside of electronics 1

The recent interest in making programs keep track of' the assumptions undeilying their

deductions II)oyle][lMc.\Ilcstci] led It) the consideration of how quilitative as' tnpltions about notion

should be assimilatcd. Ihis added discipline has ltro en quite f'ruitiful in the dC\c1 lopicnt of the

qualitative representation.

1.6 Oerviei or this report

[or the reader who wishes w see the program in action. an annotated session with 1-IOI is

presented in Appendix I. All dialog i', this session was generated hy the pr-1grn .\ ithlut patching or

other assistance. Mano tof'he illUstratic ns in this report are direct tttput from \er ions olI Ethe program.

Chapter two discusses geuinc tric issues. The Witlic iagritin is defin 1-d iund compared with

other geometric rep rcsen tat lons. The interpretation of dtiagran elements its bjet Is it the I ouncing Ball

world is discussed, as \Ncll as the geometric analysis which breaks up the spacce represented by the

diagram.
TIhe application of qualitative and geometric knok ledge to quantitati\ e descriptions of motion is

examined in Chapter three. A constraint representation of the objects in the Bouncing Ball world is

described, along with using networks constructed from them for s.,imulattion and analysis of mtotion.

A qualitative description of motion is the subject of Chapter four. The considerations involved

in defining the Space Graph. the basic qualitative description of space for the Bouncing Ball world, are

discussed. A notion of a qualitative state for a ball is introduced, along with the rules of qualiLtive

simulation necessary for envisionment. Using assumptions about m1otion to prune the results of

envisionment is also discussed.

Chapter five describes how these representations are used to answer questions about motion.

l)escribing some actual motion as a path of qualitative states is shown to he useful in checking the

consistency of assumptions about motion. The processes of summariing the motion of a ball and the

detection of collisions are explained, which completes the basic set of questions about the domain.

Chapter six contains a discussion of the psychological implications of this work and some

suggestions for future work.

A brief exposition of the constraint language used in this program appears as Appendix 2. 'lle

modifications made for this program and a critique Of its usefulness is included.

I The original nclaphor of Propagation %ia Constraints was developed out of experience with a program caled 1I [Su%.man &
Stalman] this program contained a number of scminal ideas. including a "fact gabage collcttor" diat led to the de ,clopmeni of

%arious dc1Cnd tCic) systerns II ) i l.l on(ltoIfIC.\tctsIcr I Mason If ion, S i theoi uscd a %ersion of H to rniodeI a hog ranI
I hlis [personal commun ication) t.,cd tile algebraic imaipi lation capaliltC Of 1: In (dCClOpIi' otililtolc I(ldls for spring
s)stIlis ShohC Is currcnll, tus ing a constraint laiiiiace of his Own I'm integrated cmmilt dC,,ij'in, and the Nil I t I Si Cfolil tand

part cularl Steele) are pushing forward with new Ideas about the uc if cow,,italin languagcs in design
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2. Geometric Considerations

2.1 The Role of Diagrams

When dealing with motion problems, people usually draw a diagram. Since many physical

constraints have a clear expression in geometric terms, a diagram serves as an organi/ing tool that makes

their spatial arrangements explicit. For example, Suppose we wished to know whether the ball in Figure 6

will ever be to the right of both walls. It cannot if the dotted line represents the maximum height the ball

can reach, for it will not get past the fir t wall. Using this diagram we can "see" thc CefrcttSo t'he relevant

relationships. Compare the ease of it, use to the process of coming to the same conclusion using the
assertions in Figure 7 , which contains the information pertinent to this question.

People find diagrams useful b cause they allow some class of spatial questions to be decided by

interpreting information gleaned by perception. A problem that can be mapped into a spatial

representation might be solved with the aid of visual processing, instead of more linguistic methods of

inference. [his is advantageous because fornal reasoning seems to require conscious effort, where

perception does not.
My program incorporates a geometry representation that proxides some of the computational

advantages that people gain by using a diagram. It is not a slavish imitation of the details of human

perception and performance. It is designed to make answering the kinds of questions we seem to use a

diagram for easy.
The geometry representation is a distinct module since a class of purely geometric questions can

be isolated from questions that involve the physical interpretation of a geometric element. For example,
whether a line segment represents a trajectory or a surface is irrelevant to the problem of finding its

intersection with another line segment. The geometry module answers three types of questions: identity.

aritv, and intersection.
Identity questions concern the identification of an element in the geometric representation with

the physical entities they model. This correspondence must be clearly marked if the geometry module is

to be used by other programs. Aside from communication requirements. the physical interpretations can

be used to speed up searches involving elements in the diagram. For example, detecting points where a

collision between two balls occurs is much faster if the geometry module is used to look for intersection

points between the trajectories, rather than the intersection of one trajectory with all other elements in

the diagram.
The most common questions about spatial relationships between elements are uiujt questions.

A geometric entity implicitly divides space into distinct parts, which we shall call its sides. The geometry

module can detennine on what side of an clement some point is, and to tell if some element is on a

particular side of some other clement. I)etecting the inappropriate placement of a moving object inside a

solid, for example. requires the ability to determine if the point representing the object is inside the

geometric region that represents the solid.
Although they could be considered subsumed by parity questions, intersection questions merit

kikEfZWIi PAUR 5LANE-NO FILMJ
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Fig. 6. (an Ithe ball eser be lo (lic right of the far ivall?
If the dotted line reprcsents the maximum height it can reach, the answer
is no. The ball cannot get to the right of the first wall, let alone
the second. People have no troublc coiming to this conclusion given

this diagram.

/!
L , ' " " ... ,r li~li ill ' " -

•
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Fig. 7. Ca tie ball eier Ile to tie right of vaIl2
These assertions contain enough information to deduce the correct answer,
but are much harder for people to use.

(POSITION WAILI -1.0)
(OSIrION WAI.12 4.0)
(POSIIION BAIL (-3.0 2.0))
(MAX-IIt IGHi BALL 4.0)
(1lFIGlIl WALLI 5.0)
(1i1IGIT WALL2 8.0)

seperate considcration. They are important because interacting physical constrai its are usually iellected
in the diagram by things that touch.

A drawback to using diagrams is that to create one all metric properties of the thi gs in it must
be specified. Arbitrary choices for properties not specified by the problem can bo misleading. A classic
example is the aigumen t that all triangles are isosceles, wkhich uses the equality of lille segments
constructed in a triangle that has tw o equal sides. The problem of generating a diagram friom a symbolic
description of" a scene will not be addressed here. The artful choice of unspecified parameters can be
quite difficult [loberg 721. and until a target representation is known and demonstrated to be usefuIl such

an enterprise is risky.

2.2 The Metric Diagram

The marks that represent the geometric aspects of a problem in a diagram have a fixed location
and sie. [heir arrangement on paper models the spatial relations between the things they represent.
[his propelty allows our %isual apparatus to interpret these relationships as we would those of the real
objects. We do not yet understand the complexities of human vision, but there are other ways to encode
die spatial structure of a diagram for use by a program. One way is to model the elements of a diagram
by analytic geometry. We define a Metric Diagram as a geornetry representation comprised of a
\ocabulary of s mnbolic elements drawn fr'om analytic geometry, whose parameters are numerical and
embedded in a hounded global coordinate system.

IBv rcstricting parameters to numerical values, die programs of the geometry module need not
perforn algebraic manipulation or construct pr,)oots. Calculation suffices to answer geometric questions.
I Im' ing a global coordinate system insures that all geometric elements are coimparable. The coordinate
s),stemn is bounded to aoid the need for explicit inequalities to di ide space into regions.

We \ill now examine how the Metric I)i agrai representation can lie used to anssWer the three
qtcstions raised )reviously. Ibis will inlude describing the rIopelties of tile Metric Id)iagram
implemented in IROI for the Iouncing Ball world.

Identity
An elenent in a Metric I)iagram is a symbolic object drawn from a 'vocalbulary of tylpes. The
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prograins in tile geomietr) module inusit he able to process cleinents of these ty pes. and the prograins that
uSe thle mlodule mu1LSt k los' thle paraifletels needed to speci fN them. [he t) pcs of eleinents implcm-entcd
fort the Bouncing h~all s'.orld are points, line segmnrts. egions h)ominded hs line segmnents, and '.ertically
onie nted p i labh lis. T he p roipeit ics associated '.'.th .c'Ih ts pe a me ill ust rated in F ig~ileC 8. Rcd ii da mm
iniformation is stored to speed Coll -plttionl. The sy inbolic mianme Canl bc used by anl external

representationl as a reflerence. and it cali he annotated to mnark thle doinai object it corresponds to.

parit
A\ geometric element prom. i.s a ~Ail to disilimuSh One parlt Of Spalc I'1o11 anotherf. In tilc

siiiiplest Case, a poinit, anothier clemiei .t call eitherl he 1(t[the samie coordainites mc not. I lie di'. isions of

spixce iiiposed b an element iii tile Metric I iagtmin v.ill hle cailled its sidesI. I lie sides defined for
elemen0ts inl thle Nicto-c I )iaoraii le i~hm ,trated inl F-igure 9. [ le labels ,coriespoid ito thie aisscr er oduiced
h% thme geometrv itiodUle 110r Zi point ill thait regioli ot space. Vol a point oily ON and OFF are defined.
Four sides aic delimied fOr. segmnlts n l Iil rbolas to express their limited spatial extent. A region is
called closed if a point onl its boundary is considered to be iiiside the region. anid Lnen othecrs'.ise (these
termis aie used in the samec sense as open and closed iii Real Analysis).

Ihle two kinds of parity qtuestions thle Metric I )iagrarn answers arc

I1T On wkhich side of element A is point 13?
P2: What elements are onl the S side of element A?

Fig. 8. Propertics aissociated with Nictric Dimagramn elements

POINT SEGMENT
TYPE: POINT TYPE: SEGMENT
X: (number> ENDI: (point)
Y: (number> EN02: <point>

EQUATION: ((sin(th)> (cos(th)> (rho>)
UNIT-VECTOR: ((number> (number>)
UNtIT-NORMAL: ((number> (number>)
PERPLNDtCULAR-EQUATIONS: ((equations>)

PARABOLA REGION
TYPE: PARABOLA TYPE: REGION
VERTEX: (point> BOUNDARY: (<segment> <segment> ...)
ENDIl (point> CORNERS: ((point) (point> ..
FNt)2: (point>
EQUATION:

((Vertex x) (Vertex y> <p>)

Otaler Pointers are

PARiT-OF: (((prop> ( element>).
means that the element is the (prop> or (element>

IN fItiPRf I ArIrON: <cons tra int>
means that the clement is the value of (constraint>
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Fig. 9. Silks defined by Nictrie D~iagrami elements
The four labels ON, OFF. , and - denote the divisions imposed on space by a
lpdrtiCtllar type of element.L

oiFF

OOFF

0A11
4OFF
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Questions of type P2 require search through an index of leernnts. This search can be %ery fast

if elements are indexed by their interpretation.
Intersections

Two elements intersect when there is at least one point such that the answer to P] for this point

and each clement is ON. The intersection procedure for two elements uses the equations associated with

them to calculate possible points of intersection. These carididates are filtered to take the finite spatial

extent of the elements into account.

2.3 Interpreta tions and Geonietric Analysis

l'his section describes how the entities of the physical nodel of the Bouncing Ball world are
related to the entities of the geometric model of the Bouncing Ball world, and how the Metric Diagram is

used to en force the geometric constraints imposed by the physical constraints.
The mapping between domain objects and Metric Diagram elements is simple:

Ball -> Point
Surface -> Segment
Trajectory -> Segment, Parabola

Surfaces are immobile. Either the + or - side of the geometric element representing the surface

is designated as its SOIDi) side. All points not ON a surface are considered to be either in a SOLID

region or part of FREE space. The portion of the space represented by the diagram that is FREE is
assumed to be connected. Surfaces that do not form a connected boundary around some portion of the

diagram are continued along part of the diagram's border to do so. This defines the set of SOLI) regions
implied by the surfaces. The SOI.Il) regions for typical diagrams are illustrated in Figure 10. Tl"o be in

FREE space, a point must be inside the diagram and not inside any solid region. The SOL.ID regions are
considered open, in the sense defined above, to make being ON a surface distinct from being inside the

region.
The qualitatively distinct parts of FREt space must also be determined, to serve as a set of

PLACEs for a qualitative description of motion. Because all balls have the same spatial properties (i.e.,

zero extent) the only source of geometric constraint on places are the configuration of the surfaces. This

means the same set of places is relevant for each ball and can be computed as soon as the surfaces are

known.
'lhe basic set of places for a scene is represented in a data structure called the Space GrLh. lle

nodes in this graph are chunks of fiee space and the segments that bound then, and the ares are labelled
with directions and express the adjacency relationships of die nodes. Figure 11 illustrates the geometric

elements that comprise the graph for a typical scene and a schematic of the pointer structure. The

considerations that define the elements in this graph are detailed in Section 4.2.
The computation of the Space Graph using the Metric )iagram is simple. It requires slicing

free space with vertical and hori/ontal lines from the endpoints of surfaces and collecting the regions that

at



Fig. 10. Solid rcgion~s of typical diagrams

rL1_



Fig. II. Schemiatic of Space Graph for a typical diagram

oh

!H
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result. Sincc the Space Graph elements arc specified in tcrns of Metric D iagram elemnts (thle nodes of
the graph are either regions or segments), die Metric D~iagram serves as a bridge between the quialitative
and quantitative descriptions of motion.

2.4 Other Coictry Representations

To gain perspecti e onl tilc Metric D iagram, this setion compares it with other representations
ofgeoinezry thal have beet) used in) Artificial Intelligence.

T'he most popular class of geometry' representations in Al are thie relatin ial representations. An
object or place is given at symbolic namne, and its shape, location, and extent arc specified by predicates onl
thein (such as IS-CIRCI F) and reclations between these elements, such ats I F--O, ARlOVE, and
I NS II )[. Problem solvers in the Bilocks world often utse relational represenlations JW instoji 70).

Reason in g abount space inl a p iely relational system can be di fficutlt. I'a nsi ti e ax 10 mim, such as
implies (and (left-of X Y) (lert-or ? X)) (left-of Z Y)))

are often needed ans %ci parity qoeCstions. As IWadt, and IBogess] point out., reasoninig v\ ith such axionms
can lead to combinatorial explosions. L acking enough in formation to prose or dispros e a relationship
can lead to creating snblgoals involving every known element in thle diagram. It is also di licult to infer
an) intersections of elements that arc not explicitly given.

A more interesting structure for a relational system was used in TOlIT [ Mcl erniott 741. Space
is represented by !tree of 'plaices", each (of which is thle space tilled by anl object or at part of anl object.
Hiese place deihnitions are adequate for somne discussion of physical objects but too limited to deal with

motion.
Pure relational systems are very weak miodels of space. [I layes a]l notes that tie axioms for the

geomectry of blhkks tin a ny problem solvers can be satisfied by modelling at block its an ordered nair of
integers, onie Component for thle numb~er of blocks below it, and one nuiibhr for discrete locations on the
Lible. 'I his is far fromn the intufitive notions of space they are intended to capture. The seak less of these
systemls is also thle sourice of their generality. [or a fixed vocabulary of predicates aild relaitions there is
onl oI II fuil i clitii nal des-Lri ption (all possible relations and predicates are asserted) u P ) t 1111(1rplli sin
betw een object namtes for any Metric D iagram, butl for at relationlal description there cail be in finitely
mia ii Metric D i agramis. Since thle rela tio nal descriptions givsen with at p robleinm are (1 hLl i incoml Iplete,

generating it Metric D~iagram from at relationial description Aould insolse filling out tlie relational
description and thlen finding numecric parameters that satisfy this description. I'lhe fact that pleople aIre
willing to go thlroug~h thlis trouble in generating pencil and plaper dliagramns seems5 to lodiLate that our

fluency in dealing with space does not come from at set (of very cleser ax ionis for re,vo ning with) a
relational description.

A not her class (it' spatial represii tations tuses at regi lar array tif cells ats anl a nlo g tf' pliNsicail
spaKc. Ani object's locat io i and extent is represented by tile set tf cells ill (tie aml ray cont ui ogle thle symbhol

that corresponds to thait object. WI IISl'[R lILit 761 and at prograin by lKossl~il and Slis'.tt/ IKosslyn

and Sf1wait / w Ii h simillhates Ililenomemla assoc ia ted withI i ieitl tIi iiiageu hot b i se arrays.

I6A
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Both systems use a simple local process, motivated by early theories about the role of the retina

in perception, to compute with the array. The ai' -it is that spatial reasoning is like perception, so a

representation of' Space should reflect the struci, the perceptual system, including a "retina" that

"fixates" on parts of' tile arra) to denote at te t I ontrary to tile aSS Illpti(Ins in these papers, the

aailable e\ idence about retinal (uucti itu does not suggst that its purpose is to scale. translate, and rotate
the projections of objects on tile %isuml field. Such a process ould only imake sense after processing has
been done to seperatc Iportions of the visual field. This would inply some sort of processing before the
retina that segmented the % isual field.

An array based scheme suppo, ted by parallel hardware might have son useful properties. One
Such scheme Would model space as an array of cells, each of which is at processor capable of storing a
small number of' marker bits as in NI 'I I. [Fahlnan 791. The contents of a cell aie defined to be the bits

that are turned on, and instantiating dn object in the arraN corresponds to selecting at marker bit to
represent it, and ttirning oin that bit in tile cells in the array where it is sul1pposed to he. I inding out what
objects are in a particular region (if'space could be done in constant time by asking the cells in that region
of space fbr their contents. Intersection of 1o bjects could also be perfornied in constant time b asking
if any cells contain a marker for both objects. The regions of space needed to answer parity questions

could be determined by propagating marker bits through the array.

If the array is not composed of parallel processors the situation is very different. Using a
"retina" as the processing element means that most operations become searches. The time for a search
%,okd depend on the size of the array, rather than the number of elements in the diagram as it does when
a search involves the Metric Diagram.

Whether parallel or not, an array system needs an external representation to write elements into
it and to recover from the degrading effects of rotation on a discrete grid. Placing an object into an array
involves setting up parameters for its location, scale, and rotation and then turning on the correct cells of

the array. The instantiation of a Metric I)iagram element involves only the first part of this process. If
the same questions can be answered by each. the array seems superfluous. Iflinton 791 argues against the

use ofarray based representations in mental imagery on the same grounds.
Array based representations using parallel hardware certainly deserve some study. But on the

whole the case for array based representations is not yet convincing.J
Analytic geometry was used to model a diagram in a program by Gelernter [Gclernter 631 that

proved geometry theorems. The diagram functioned as a source of counterexamples. An assertion made
as a suhgoal was checked to see if it was true in the diagram. If the assertion was false the subgoal was
abandoned since to be true it must hold in all diagrams that satisfy the premises of the theorem.

Although the diagram in FROR is used very differently (FIO1 has no goals, so the notion of a subgoal
filter is meaningless), Gelerntcr's program helped motivate the use of a quantitative geometry

representation.
Robotics programs make heavy use of analytic geometry. Approximating physical objects with

pol)hedra has proven ucful for systems [hat plain mechanical assemblies il o/ano-I're/ 761. IIahliman

7-1 pLnncd Cnsiruction lasks using t numerical model of blocks, including a model of sliding friction.
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The spatial modelling done in robotics programs has been directed towards det tiled shape description
and planning paths rather than reasoning about motion. I lowever, the growing literature of

computational geometry inspired by robotics applications has been a source of algorithlms fir tie Metric
I )iagram inplementation.

Shape description often involves numerical parameters attached t symbolic structures.
[I lollerbach 751 examined the use of generalized cycinders both to recognie Greek ases and to interpret

scenes of blocks. Generalied cylinders are also the primitivcs of' the Spasar theory of' 31) shape
recognition INularr and Nisiharal. In tli; theory t shape is recognized b fiuding i set of numbers for the
k'ngihs and relative orientalons in spate of axes that are derived from an image in order lo i atch the
object with a model from a catalog of hapes. Both works suggest that the idcas underlying the Metric
I)iagram may play an important role in more complex forms of spatial reasoning.
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3. Quantitative Representation of Motion

The motion of an objct can bc described by specifying its coordinates in a framne of referencecil
for cachi instant in tine. In some simiplc cases the evolution of its state parameters with time can be

dlescrihed by equations. Using eqtuations to compuwt a description of' motion ,nmohes both qualitative

and geometric knowledge. Qualitative knowledge is needed to identify w hat set (if equations arc
applicable. For exainplc, knowing that at ball is inl free space is iiecessar to apply thle equiations for free

fl~l uinder grav ity, ats opposed to equaitions Imi sliding on at surfaicc. Geoinctric k now ]edge is required to

identif'y boundary conditions. The equations (if inotion nia), be aible to specify I oA Ilast it fatllinig object

will hit thle ground. hot they, do not t pr~iori determine juist " here (lie ground is.

[in this chapter we explore die role oif qualitati~ e and geometric know ledge inl quantitative
descriptions ofimotion. First we prewsent tile equations rcles anit to the Bouncing 11all %rld. We discuss

tile decomnpositIin Of ni0t ionl using at ca taIdog of qLa Ii taix ely d istinuct types o' i (it ii n. the Act(ion
Secttie uce. We describhe the nfl plemneiat ion of suich at descipt ion its ait el irk (I coi stiailts a ie r at brief
(i~er iew of the implemntation klnguaige. [he aIppliCationf of this represenitati~ on ile Silliillor amid

ariil~ sis of motioni is demonstrated, and soin potentials and pitfalls are discussed.

3.1 v(iiittiois of motion

The equations of motion which pertain to the bouncing ball world are those of p)rojectile motion

in a Vacuum. They are listed in figure 12.

The amotunt of energy retained by a ball in a collision is represented by its coefficient of

Fig. 12. lFquations of' motion for the Bouncing Ball world
The equationis of mnotion for die Bouncing Ball world are those of
projectile motion in a vacuum.

For FLY,
X= -x+ +V*At

Yf=Y +V At+ (At 2

Vf =V YO+g*At

For COtt LtLDU.

VI COR*V~
out in
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restitution. abbreviated COR. When the COR is I the ball is perfectly elastic, and when it is 0 the ball is

completely inelastic. This Imodel of dissipation is not very precise since in real situations the amount of
energy lost often depends on the speed of the ball and the type of surface it collides with. Suirfaces in the

Bouncintg IBall world are considered u ififorml y iniMpeletrable, so that onl the COR f t ball determines

the amount ofenerg, it loses. Collision are assumed to happen instantaneously.
I have not Itound a general model that describes how energy is lost w&hen two iminig balls

collide. The physics textbooks I have examined discuss what happens whcn at least one ball k completely
inelastic or Alhen both are perfectly elatic, but are silent abut all other cases. This is not So lprising due
to the gross nature of the apptmxi mat 1,, iivolhed in letting the CO R be a lcut llt. One model that fits
the extreme conditions is to assign the product of die indiN idUdl CORs to both balls, but this is ad hoc.

Motion past a collision betw een two balls is not described by tibs program.

3.2 Ilreaking up motion

L.et its consider using equations to describe die motion of a ball. The state parameters of a ball

are its position and velocity. From its initial state the reletant set of equations can be identified by

qualitative knowledge, along with the method of determining die boundary conditions. Since the
equations are continuous, the state parameters of the ball will vary smoothly until the boundary

conditions are met. 'llie value of the state parameters at the boundary can be computed using the
equations, The set of equations and boundary detection method associated with this new state can be

chosen by again identifying the type of motion, and so forth. Each application of the equations represents
some portion of time for the ball (even if only an instant, as in a collision), and these applications are

linked by descriptions of the state of the ball. Fach such application will be called an act.
The two types of motion defined by equations in the Bouncing Ball world are FLY and

COI].I)E. The determination of boundary conditions is different for flying up as opposed to flying
down. In both cases collision with a surface provides a boundary, but a ball that is rising can also begin to

fall because of gravity. Thereforc flying up and flying down are considered as distinct acts.
Qualitative knowledge must also identify those situations where the equations of motion are no

longer applicable. Fr the purpose of description dese situations can be considered as special types of

motion. Boundary conditions cannot be computed once a ball leaves the diagram. Leaving a diagram

will be called CONTINUE. STOP denotes die cessation of all motion. SI.II)h/S'l'OP and

SI.II)F/S'IOP/[AI.I. will indicate that the motion is along some kind of surface, and thus is outside the

competence of the program.
By linking representations of these motion types with descriptions of the ball's state in between

them, any motion in the Bouncing Ball domain can be described We will call this tirn of desscription an
Action Sequuce. Figure 13 shows the Action Sequence description for a typical motion in schematic

form.

'l1w Action Sequence description cat be used for die analysis of ni tion. Just as an electrical

circuit can be described by building a network of computational objects that descilile its components and

I
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Fig. 13. D~ecomnposition ofra typical motion into an Action Scqueilc
Tlhe trajectory shown in die Metric D~iagramn is die geometric aspect of
the Action Sequence whose schema is exhibited below.

Baa
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the connections between them, the motion of a ball can he described by building ,a net%& ork of objects that

describe the kinds of motion it undergoes and its state at various times in that motion.

Given numerical values for Some initial state and the ability to use a diagram, the Action

Sequence can also be used to build a description by simulation. This process and the description it

produces is inure pCrspicuous than the description produced by the traditional incremental time

eColition of the differential Cquations of motion. Incremental tite simulations use tile equations of

notion to determine how 'ar a ball " ill noim e during interval of timc. and iterate this process to produce a

list consisting of the state prameters of the ball at discrete instants of tine. Thc sitc of tIle incremental

time description (and the time to compute it) depend on the interval sitc used. I1N contrast, the size of tile

Action Sequence dcscription is propoitiomal to the qualitative complexity of tlC .iiotion. Using a larger

interNal size in the incremental time simulation decreases the si/c of' the descri ition, but increases the
error because the boundary conditions are less likely to occur near the end of an intcrval. The Action

Sequence representation avoids this problem by explicitly computing the boLundary conditions instead of

searching for them.
In FROB the Action Sequence is implemented by describing the vocabulary of motion in a

constraint language. The next section provides a brief introduction to constraint languages as a prelude

the discussion of de actual representations used.

3.3 A Constraint Language Note

Balls, the types of motion, and other parts of the Action Sequence are represented in IROB as

constraint obiects. The constraint language used is a variant of CONI AN [Stcele and Sussman].
Spccifing a constraint is similar to declaring the relationships between the properties of what that

constraint represents, as opposed to writing a procedure that computes a fixed set of output %aluCs given

a fixed set of inputs.

A constraint object can have parts, which are either cells or other constraint objects. The role of

a cell is to hold values that correspond to the properties of what the constraint object represents, such as

tie X coordinate of a ball at some particular instant of time. Some properties may best be expressed by

other constraint bodies. An example is the velocity of a ball at some instant, which is represented in the

constraint language by a vector constraint object that is a part of the constraint object describing the state

of a ball.
Computations must be specified to enforce the relationships between the parts of a constraint.

Rules are attached to a constraint object to perform this function. A rule has a fixed set of cells that it can

use to compute a value, and usually has a fixed cell that its restlt is to be stored in. When all the cells

used by a rule are known, the rule is queued and ecntt ally run. A rule will dismiss itself if it decides it

cannot yield a value, and signal a complaint if it detects an inconsistency. Rules that never set a cell

perfoirm monitoring or bookkeeping tasks. One such monitor rule enflrces tie requirement that a ball

cannot be inside a solid part of space.

'The source of a value is always marked on a cell. This can he either a rtile that sets the cell, or
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in assumption made by the person or program using the contraint interpreter. If conflicting values are

discovered for some cell, as determfined by a very simple matching process, a contradiction is signalled

and the assumptions underlying it are offered to the user for correction.
When a rule sets a cell. it may enable other rules to fire. This process can contintic until either

all cells are filled, the queue of rules to run is empty, or a contradiction is signalled. The consequences of

making an assumption are reflected by the newly set values in the constraint network. The reasons for

each value can be examined, making this process a powerful tool for analysis.
'he major differences in the version of CONIAN used in FROIB stem from the necessity of

using external representations (the Met ic l)iagram and the qullitative dcscripticns to be described later)

and allowing rules in a constraint network to create additions to the network. Allowing the constraint

network to grow makes simulation easy. This process is not without peril. If a ball never stops moving,

the network describing its motion w-Jrld grow arbitrarily large, thus mitigating the advantages of

deduction in a network. For this reason simulation is done only by user request. The details of these

changes are relegated to Appendix 2.

A schematic notation similar to that of logic circuits is used to illustrate constraints in this

report, Cells are denoted by rectangles, and rule are drawn as circles. The direction of arrows that

connect rules and cells indicates the flow of information between diem. Rules that are executed for effect

are denoted b), attaching their output to a MONITiOR label. Parts of a constraint that aic iiemselves

constraint objects are represented by various shapes. These constraint diagrams are only intended to

provide an idea of the structure and complexity of the system's knowledge, rather than to reveal the exact

details of the flow ofcomputation through them.

3.4 Constraint Representations for the Bouncing Ball World

'The Action Sequence description is built out of a vocabulary of computational objects that

correspond to types of motion and states of balls. This section describes the actual constraint objects

used in FROB that implement this vocabulary. Readers who do not care for implementation details

should skip this section. 1hose who thirst for more should turn to Appendix 1, which illustrates how

these constraints are used.
A SCENE constraint object performs the necessary geometric analysis once the surfaces are

specified in the Metric l)iagram. This includes finding solid regions, computing the Space Graph, and

defining other places using the Space Graph. Figure 14 contains a block diagram of the SCiNE

constraint. The only information associated with a surface in the Bouncing Ball world are its

representation in the diagram and which side of that diagram element should be considered SOl~Il). 'he

SURFACE" constraint has a cell for each of these properties and little else.
The state of a ball for a particular instant of time is represented by the PlHYSOB constraint

body. The block diagram for I1 IYSOB is contained in Figure 15. If both he X and Y coordinates of a

hall are given, a point with those coordinates is placed in the diagram and its name stored in the

GFOMEFRY cell. Given the G[OMII'RY, the diagram is used to determine what surfaces or borders
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Rules at tachled to cellIs Of fihe SC I N F constraint perform the
gcoic tric anal ~sis oI' the di agram n. The "moiitor de notes
a rul (icta is run f or Okah t in this case to add geometric
elcmints to an index by their interpretations.

-C-
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Fi1g. 15. Tlhe PiIY'Sol constraint
TIhe statc of a ball at a particular time is represented by the PFIYSOII constraint.
Thle MAX-IIEIGH'I'ccli and associated rulc is not shown.

GILA
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the ball touches and stored as the value of the CONNFICTION cell. The GIEOME'TRY cell is also

mtonitored to insure that the ball is inside free space at the instant of time the constraint represents.

!)IRliCHON is a qualitative description of the heading consisting ofa list of directions. such as (RIGHT

UP). Ila ing a CONNECTION causes the velocity of the ball to be decomposed into components

parallel and perpendicular to the gee metric element (either surface or border) it is louching. The

MAX-I IGI I ITcell computes how high the ball would get if all of its speed was disspated against gravity,

to provide a geometric interpretation of an energy constraint.

The type of motion that will (ccur from a state is stored in the NIFXT-MOTION cell. The rule

is

If no connections. I ,Y
If connected to a IlORIFR

and the direction of velocty is outside, CONTINUE
else FLY.

Otherwise connection isa surface.
If the ,elocity of the ball is into the surface. COLIIDE.
If there is a significant %clocity away from the surface, FILY.
If surface does not provide support,

then if there is a significant velocity along the
surface

thet St.ID[-/STOP/FALL.
Else FLY.

Otherwise
if there is a significant velocity along the surface,

then SL.IFI/STOP
lse STOP

A qualitative summary of the current state is also computed for the value of the STATF cell. The

qualitative state description used will be discussed in Chapter four.

The BALL. constraint body serves as an index for the different descriptions of its motion. These

include a descripton of the motions possible from the initial state and a qualitative description of the

Action Sequence, as well as pointers to the Action Sequence itself. These other descriptions will be

discussed in Chapters four and five. The initial sate of a ball is represented by a copy of the PIIYSOB

constraint. Figure 16 illustrates the BALIL constraint.

The ACT constraint represents a portion of the ball's motion. PHYSOi1s that describe the state

of the ball before and after the act are contained in the OBJFCT and AI'IFR cells, and the MOTION cell

holds de constraint that describes the motion occuring during this ACT. Simulation is controlled by a

cell of the ACT. If that cell is non-zero, the COMPUIF-NIFXi-MOTION cell is turned on. Rules

attached to the COMPL'I-NIXT-MOTION cell instantiate a, PI YSOII constraint to describe the state

of the ball after the motion and a constraint describing the appropriate type of motion. [igure 17 shows

this part of the AC]" constraint. What is not shown are (he rules that wire the Oll C I tnd AIFR to

the MOTION when each is known, as well as the bookkeeping associated with decremntiing the count

that cor;esponds to the length of simulation. Let it stuffice to say that these rules are defined and do tie
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Fig. 16. The BALL constraint
[Thc BA I 1constraint provides an index for diverse representations of' motion.
[Thc INITIAI.-STATE is it PHYSO3 constraint. 'Ibe rcprcscnwations cor-responding
to the other constraints will be discussed later.

ASSMTIONS

SEQUENE

GRAPH



-42-

Fig. 17. The A(T constraiml
The ACT cmist aint does miuch of the bookkeel)in g associated with
the Action Sequence. The N iring rules that actually make the connections
betwcen parts as they become known are not shown.

O JECT AFTER

PREVIOUS NEXT

E~DI
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right things.
F.LY is the most complex motion in this domain. The block diagram illustrating the FLY

constraint appears as Figure 18, with its parts shown in Figures 19, 20, and 21. The ON-PAT-I
constraints arc used to express the fact that both endpoints must be on the trajectory followed by the ball.
Any two points on the trajector must .atisfy the equations described b H .Y-sNoRGY. so three copies
of the constraint are required. FL.Y-Gt'OMETRY provides anl interface with the diagram. It computes
the Metric I)iagram elements associated with the start, vertex, and end coordinates of tie motion (or
contrawise asserts the coordinates if the Metric I)iagram elements are pro\ ided) as well its the trajectory.
Finding points of intersection of the trajectory with surfaces and borders is done by rules attached to this
constraint. In case such intersection points exist, the point closest to the start point is used as a collision
point and the COIL.ISION? cell is tured on. When part of the N.Y constraint, the COL. .ISION? cell
set to Nil. which denotes being off. '1 is will cause a complaint to occur if a described motion requires

that a ball penetrates a surface or flies outside the diagram.
The FI.Y-SIMUILATE constraint contains additional knowledge about discovering boundary

conditions. It uses the FIY constraint as a part (although there is a special integrated version for
efficiency). I'he maximum height a ball flying upward can reach is determined by its energy. It will not
reach this height if it leases the diagram or collides with a surface. These collisions are detected by a
seperate copy of FI.Y-GFIOMFTRY, whose start point is linked to the initial point of the F.Y and whose

end point is linked to the vertex. Ifa collision occurs, the point of the collision is used as the end point in
the FLY. A ball that is falling will continue to do so until it hits something or leaves the diagram. In this
case the end point for the simulation copy of FIY-GEOMFTRY is a point on the trajectory which
intersects the border of the diagram, and dte collision point becomes the end point for the FLY.

A block diagram for the COI..EI)E constraint is shown in Figure 22. This constraint merely
flips the velocity vector of the ball about the surface nornal at the point of contact, suitably modified by

its COR.
T[his completes the basic constraint vocabulary for the Bouncing Ball world. It should be noted

at this point that the first two questions for this domain,
1. What can a ball do next?

2. Where can it go next?
can be answered if enough numeric information is provided about the state of a ball.

3.5 Fxanmples or Analysis and Simulation

The constraint vocabulary of the previous section can Oe used to build networks that describe
any motion in the Bouncing Ball world. ITis section demonstrates the application of the Action

Sequence representation to analysis and simulation of motion.

Our first example is drawn from Newtonian Mechanics, by A.11. French.
"A perfectly clastic hail is thrown against a house and bounces back over the head of the

thrower, as shown in the figure. When it leaves the thrower's hand, the ball is 2 meters above the ground
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Fig. 18. The FIX construint

YO.

i'1

FLI.



Fig. 19. 'I'li ON-PATrH constraint
When P= 0 the trajectory is a line segmecnt, otherwise it is a parabola.

IVI
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Fig. 20. The FIY-ENI.RG\ constraint
The positive root is always the correct choice because the constraint
is never applied "backwards".

+

'CA

-X
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Fig. 21. '"ig FIA-OFOMEIRY constraint
Trajectory, Siart-Point. End-Point, Vcrtcx-Point, and Collision-Point
cells hold Metric D~iagram elements.

r
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Collisions with al SurIfilCC are assumed to bc instantaneous.

v% r wf'
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and 4 meters from the wall, and has both its x and y velocities equal to 10 meters/sec. I low far behind the
thrower does the hall hit the ground?"
Figure 23 contains the diagram gi en with ie problem and the statements used to create the Action
Sequence. Ihe Action Sequence for the problem consists of tllree -11 Ys nd one (l I II)F. and the X

cot diliate of the initi a state cal l be ubtracted front the X cnponent (if the linil itate to yield the
desired answer. Figure 24 slhows the Metric I)iagrain and the properties of the initial and final states that

e IdM tile aIIsA elr. PtIbtentstI that do 11t require algebla ire rate in phsics texthooks. because algebra and
calcuils are tile fibrial techniques th It Mnust be practiced :,) connect thei ill tile coilillon selse
mdestanding the student already has.

Using the diagram enables FROlf to detect certain inconsistencics in a description of motion.
Figures 25 and 26 show that the piograni will enforce the semantics of SOt It) regions and the
impenctrability of surfaees.

Since the program cannot de it directly %N ithl tle real world, simulation is usefid to determine
%fhat " ill actually happen from some state of a ha il (assunling tie eqtlnatioluS of inot it: are accurate).

Some simulations performed by [ROll are illustrated in Figures 27 and 28

3.6 Beyond Numbers

'he constr'aints in FROl, use the equations of motion in a "cookbook" manner. Placing
numbers in the cells of a constraint representation for an equation results in other numbers being
computed. This section raises the issues involved in other uses of these equations.

FROBl can require far more information than people need to detect an inconsistency. ligure 29
illtstrates one such case. A comparison of the heights reached by the ball before and after the collision is
sufficient to tell a person that the proposed motion cannot happen, except perhaps under spin. IROB
requires a number for the COR so that it can propagate information from the last FLY through the
COl.lIDE. A specific point must be chosen for the AFI'ER of the last FLY, along with adequate
velocity information. These two pieces of infonnation are required because there is no way for the
constraints in the Action Sequence to use a description of tie form "and goes at least this high", which is
all that is necessary for the comparison to be made.

The problems raised by this example might be solved by adding an additional layer of rules
onto tie constraints of the domain that dealt with qualitative properties of the numbers. These
properties might include simply the signs and relative magnitudes of the quantities compared. For

example, the ACT constraint could have a comparison attached to the MAX-IliFIGilTs of the states it
"011ects that would signal a contradiction if the MAX-I IIGIIT of the later hall was greater than the

MAX-I IGIGlT IOf the earlier one. Fxtra versions (of the rules for a constraint could also perform an
incremental analysis like that in IdeKlecr, Phil]. This is illustrated in Figure 30 by an incremental
constraint expressiol of Boyle's law. Neither kind of reasoning has been well thought out for Bouncing

I',ill problems so these aire no more than lenative suggestions.
I :,! \ariables as values of parameters wmld make parameterized solutions possible.
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I hiS Ijk1 SCLS Lp tile 1,11L01 O t ile probl':rn.

:--bIlSP--I
Situation for Problem 3-12. Newtonian Mechanics, by A.P. Trench

(NIW DIIAGRAM (QUOlI f11 NCHI DIAGRAM))
LIHl All S u ( QUO~ I t Stiffl AC I ) )
CRl Al I ( QIUO I tSURFAC())
(CI All CI (000 11 COlNI A))

(CIOl All C- 00 1t COINfR))

(CI Al I ) (00 C EQO COHI It

connec E up the surfaces
(SI!I lI;AAI 111H (>, I IlSI-CORNIII SC) CO)
(SI I PAAIII?1 (>> SICOND-LOIINfA SO) Cl)
(SI I IIAAE 1It1I ( >) I ISI COHlNIRI Sl) CI)
(SI!I -PAIAMI I11 I It; SI CONII- COHNI It Sl ) C2)
(SI!I -PAIIEII [I1 ( > I IlRS!I -CONNI C!I ION C 1) SO)
(SI I PAIIAEI111 I )> SI CONI) CONNI Cl ON CI) SI)
(S I PAHAII IIt> 1111 IRSI CONNI ClION C2) SI)
(StI PARlAlI111 ) SICONII-CONNI CTION C2) NIL)
(StI lAIIAtil 11H1 >> I I1lS-CONNI Cl ON CO) NIL)

(SET-PARlAM1HI1 (>> SLCONI)-CONNECTION CO) SO)

:sppcify surface geometry
(SIT-PAlAMIIIl ()) GIOMITRlY CI) (CRlEATE-POINT -9.0 -9.0))
( St I-l'ARAMF Il I It GIOMETIRY C2) (CRIEAIE-POINT 10.0 -9.0))
(SE!-l'AIAMETI[l (>> GLOMEFIIY CO) (CREAIE-POINT -9.0 10.0))

(Sli-PAIIAMEIIIl (>> GEOMEIRY SO)
(CREAIE-SFGMENT (VALUE? (>> GEOMETRY CO))

(VALUE? (>> GEOMETRY CI))))
(SET-PARAMfTER (>SOLID-SIDE SO) (QUOTE +))

(SEI-PARAMEIER (>GEOMETRY SI)
(CREATE-SEGMENT (VALUE? (>> GEOMETRY C1))

(VALUE? (>> GEOMETRY C2))))

(SET-PARAMETER (>> SOLID-SIDE SI) (QUOTE +))
(MAPC (QUOTE (LAMBDA (GEOMS)

(PUIPROP (VALUE? ()> GEOMETRY GLOMS))
GEOMS
(QUOTE INTERPRETATION))))

(LIST SO SI CI C2 CO))

(CREATE TIlE-SCENE (QUOTE SCENE))
(SET-PARAMETER (>> DIAGRAM-NAME TIlE-SCENE) CURRENT-DIAGRAM)

perform geometric analysis of scene
(SET-PAIIAME[ER ()) DIAGRAM-READY? THE-SCENE) T)

;set up the ball
(CliATE PII08 'BAIL)
(St.1-PARAMEEI (>> X INIEIAL-STATE P1108) '(-5.0 M))

(SI 1-PARAME TEll ()) Y INITIAl -SIATI 11110B3) '(-7.0 M))
(SIt.-PARAME TEA (>> X-COMPONINI VELOCITY INITIAL-SIAIE PIIOB)

'(-10.0 M//SIC))

(SEFT-PARAMETER'l (>> Y-COMP'ONENT VELOCITY INITIAL-STATE PII08)
'(10.0 M//SEC))

(SIFT-PARAMETER (>> C-O-R INITIAl-STAlE PII011) 1.0)

;from the problem we know four acts will give us the answer

(SIMULATE P1100 4.)



Fig. 24. Solution to thc problem
The descriptions FROII computeCs contains the information necessary to
answer the question. It should bc noted that
FROJI itself perfornis no reasoning about questions
and how to most efficiently answer them.

NIL.

(draw-scene)
(PARR9OLR2 PRRR8OLAI PRAOLAO)

(-(value?.( x physob3)

13.897252352
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Fig. 25. .A kill nius! ne er be in i SOI I) region of space

metric diagram~

-)>creete bO 'ball)
C10263
-> >0et -param~eter >~ x Initial-state b5e) 3.0)
3.0
->>(5et-param.eter 0>> y Initial-state bO) -8.0)

POINT 106 IMPOSSIBLE LOCATION FOR MOVING OBJECT'
CONTRADICTION DISCOVERED BY (RULE-9 . G0265)
1T DEPENDS ON

I 0>> X INITIRL-STAITE BO)=3.0 from USER
2 ()> Y INITIAL-STATE W=O)-8.0 from USER

CHOOSE ONE TO RETRACT BY CALLItIG ANSWER WITH ITS NUMBER
; BKPT CONTRAIDICTION-HANDLER

L1



Fig. 26. Sur faces are assumed impenetrable

metric diagram,

FLY DUE TO GRAVITY AND UNSUPPORTED PHYSOB
LOOKING FOR COLLISION GOING ALONG (LEFT UP) ON PRBOLAO FROMI PG~INTI14 TO POINTI13
ON THE PATH ARE (((-3.768646965 -2.0) SEGI ENT4) ((-2.9 -3.752982392) SEG;MENT5))
SURFACES ARE ((-2.9 -3.752982392) SEGNE"T5)) BORDERS ARE NIL
COtITRADICTOII DISCOVERED CONCERNING 0) COLLISION? GEOMETRY THE-FLY)
WHOSE VALUE NIL DEPENDS ON
THE NEW VALUE ((-2.0 -3.752982392) SEGIIEMT5) COMPUTED BY (RULE-6 .G2904) DEPENDS ONl

I ()> GEOMETRY tEXT-Be)=POINTI8? from USER
2 0) GEOMETRY INITIAL-STATE Be)=POINTI96 from USER
3 0> Y-COPIPOIIENT VELOCITY "NT-80)=B.G from USER

CHOOSE ONE TO RETRACT BY CALLING ANSWER WITH ITS NUMBER
;8KPT CONTRADICTION-HANIDLER

(draw-scene)
(PARABOLAG)
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Fig. 27. A FROB simulation

,1

r etric delogra 
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Fig. 28. Another FROR simulation

m~etric diagram~
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Fig. 29. A detected inconsistency
FROJI oflen needs inore in flbnation than people do to discover that a
dcsription is inconsistent.

I,

COHTRADICTOIt DISCOVERED COICERNIIIG (> (R2 YSUI1 EIERGY F)
WHOSE VALUE 8.88888896 DEPENDS ON
THE NEW VALUE 2.111111112 COMPUTED BY (RULE-3 . G0892) DEPENDS ON

I ()> Y S1)=-4-0 from USER
BOTH VALUES SHARE THESE ASSUMPTIONS -

2 (>> (CHECKED-VRLUE COR-CHECK S3) (C-O-R 53))=0.5 fron USER
3 (>> Y-COMPOIENT VELOCITY S5)=9.9 fro" USER
4 0> Y S5)=7.e fron USER
5 (> X S5)=-4.0 fron USER
6 >> Y S3)=-3.0 from USER
7 ()> H S)=-2.0 from USER
8 (> X 3)=2.9 from USER
CHOOSE ONE TO RETRACT BY CALLING RNSWER WITH ITS "UMBER
;BKPT CONTRRDICTIO"-HRHDLER
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Fig. 30. Solve qualitative reasoning could fit into (he constraints
Thbis constraint embeds Bloyle's law decLribing an ideal gas. U means thc quantity
is increasing, 1) means decreasing, and C mecans steady. Such reasoning has W1i
been applied to the Bouncing Ball world in FROMI

(create boyle 'gas-law)
G0024
))(set-parameter (>) volume boyle) 'c).
C
))(set-parameter (>> pressure boyle) *u)
U
>(what-is (>> temperature boyle))

(>> (MI P2 BOYLE) (TEMPERATURE BOYLE)) =U
NIL
>>(why (>> temperature boyle))
I used rule (RULE-2 >> P2 DOYLE) on the following inputs.

(>> (PRODUCT P2 BOYLE) (PRODUCT PI BOYLE))
(>> M2 P2 BOYLE)

(G0029 G0031)
>>(premises (>> temperature boyle))
(>> (M2 P1 BOYLE) (VOLUME BOYLE)) =C
(>> (Ml PI BOYLE) (PRESSURE BOYLE)) U
T

>>I

PMRE RETEMPERATURE

r7 LIUM
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Constraint networks have been used for algebraic manipulation before [Sussman and Stallnan], but the
diagram used by [ ROB provides an extra complication. An equation generated from an Action

Sequence would have to include a region of applicablity attached to it due to the finite extent of surfaces

in the diagram. The process of computing these bounds deserves some study.

Another potential use of the i:ction Sequence is to provide a target representation for checking

the consistency of quantitative data. 1-ven when equations of motion are not amailible for some type of

motion, general properties such as smoothness of trajectory usually hold. A list oif state parameters for

motion could be parsed into an Action Sequence description by looking for the data points where these

general properties change and using ttl m as the transitions between act descriptions. To perform this

type of reasoning, the qualitative constraints associated with each type of act need to be explicated, as well

as the details of the parsing process.

i ,

I " " ..._ ._ ' ' ,u .-,,. . ._ .. , .. ...
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4. Qualitative Representation of Motion

A description of a motion is qualitative if it uses terms that reflect its essential features. Specific
values of parameters, such as position or elasticity, are mapped into classes with distinct properties. For
example, the position of a ball might be specified only as being inside a region of space instead of at a
point. Since there are a number of parameters associated with motion, each of which could be quantized
in many ways, there can be more than one qualitative description of a situation.

A good basis fbr a qualitative description is to abstract the quantitative concept of state. If the
corresponding qualitative state is defined properly, a set of rules can he defived that describe what
qualitative states can oxctr after some other state. These rules can be used to gen-rate a descripton of all
the motions possible from sonic initial state by a process of sinmulationl. The re, tilts of this process are
called the cnvisionment for that state. invisioning can be thought of'as "imaginii g "hat can happen" in
some situation. The envisionment can bc used to plan solutions to problems (as in deKlcer's NF.WTON),
to compute a summary of motion, or to evaluate collision possibilities.

Many assumptions about motion are properly expressed in qualitative terms. One might, for
example, assume that a ball never collides with a certain surface and must be in a particular region of
space at some time during its flight. The description of possible motions provides a natural place to
incorporate these assumptions.

In this chapter a concept of qualitative state for the Bouncing Ball world is defined. Discussed
next are the considerations that define the Sa Graph, the basic qualitative representation of space in
this domain. The nles for qualitative simulation are then described, along with the process of using them
to compute the SeQuence -. jLi, which is the description of possible motion for the domain. In the last
section I discuss the process of using qualitative assumptions about motion to constrain the Sequence
Graph.

4.1 Qualitative properties of Motion

The quantitative state of a ball consists of a set of numbers that describe its position and velocity
relative to some coordinate frame. Implicit in this state is information about what the ball is or is not
touching and the kind of motion it is undergoing. A qualitative state must make the latter information
explicit, as well as generalize the position and velocity.

The actual position of a ball at any particular time is a point in space. If we wish to be les
precise about where a ball is. we must use the concept of a PLACE. A PLACE is a connected part of a
diagram where conditions are in some sense uniform. An instance of a PLACE in a diagram might be the
free space above a particular surface.

'he type of motion occuring is an obvious component of a qualitative state. 'he vocabulary we
shall use is almost the same as developed in Chapter 3. To reiterate, the motion types were FLY.
COL.L.IIE, CON'IINU , S'IOP, SL.lI)FUSTOIP, and SI.I)E/SI'OP/FAI.I.. One addition will be made
later to describe a transition between qualitatively distinct regions of space, called PASS.

I.
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The gravity %ertical and the independence of directions imposes a natural quanti/ation of
heading. The standard names of UP, DOWN, I.l-1', and RIGIll will be used for the four principal
directions. Motion can have both UP-I)OWN and I .EI'I'-I,IGH'I 'components, so a heding call also be

specified by a two element list, such as (RIGlT UP). A heading of NII corresponds to/ero \elocity.

These three properties - type of motion, position, and heading - define the quilitatie state of a
ball. I)efining tile position comlonent of the qualitative state will be the concern of the next section.

Ietore that we will examine some other properties of the Houncing Ball world to see if the. ha e natural

qtantizations that are useful for reasoning about motion.

A physical propert. that causes distinctly different bcha\ our is elasticit\. There are three cases

corresponding to the COR being 0. 1 and somewhere in between. If tie COR is 1.he ball must recoil and

cannot stop. because the possiblity of grazing contact with a surface is ignored. If the COR is 0 the ball

can not recoil and must either stop or fall. If it is in between it can do either.

Aside from the degenerate case of not moving, there does not appear to be a natural

quantization of speed. When speed is mentioned in qualitative terms it is always defined relative to
something else, such as "mo\ ing fast enough to escape the well".

Still another property of motion that could be abstracted is the sequence of motion types.

People describing motion in the Bouncing Ball world often distinguish two patterns of motion that could

be used to summarize a larger sequence of motion types. The first are occurences of the

F.Y-COLLI -iLY pattern on a particular surface, and the second is all the FILYs and COL.ll)F-s that

occur within a particular place. Examples of these are the informal statements "bouncing on the floor" or

"bouncing around inside the well". While these summaries allow a very concise description of motion, a

more detailed analysis would require expansion into individual motion types. By creating only the most

detailed qualitative description, FROB avoids both the problems involved in choosing die proper level of

description for a question and in expanding descriptions.

4.2 Breaking up Space

Qualitative spatial reasoning requires the notion of a olace. A place is a connected subset of

space in which some distinguished property holds true. The properties that define places depend on the

type of reasoning being done, its well as the geometric properties of the specific situation. This section

examines how space should be broken up to define places that are useful for reasoning in tile Bouncing

Ball world.
'"he assumptions of the Bouncing Ball world simplify the description of places. Since all balls

are modelled as point masses, tile only geometric factor in the definition of places is the configuration of

surf'aces in the diagram. The set of places relevant to one ball Iust be relevant to alll because every ball is
subject to the same forces. In a more general domaimn each object could require a sepcrate description of

space because of dilferences in shape. s/c, and interactions.

The set of places that are required Ir re.tsoning may ovcrlap in spaiti,l extenit. Ihis is illustrated

in Figure 31 , where a well is contained within another well. Rathcr thmn using the Metric I)iagramn to
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Fig. 31. PIACEs may overlap
A particular region of space may belong to more than one qualitatively
distinct PLACE. Being inside the small well implies being inside the
large one. but not vice versa.

Litiu
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compute new place descriptions as they are needed, we will break space upl into a set of non-overlapping

parts that will formn a basic vocabulary of places. Ally other place that needs to hc delined can be

comiposed of' places in this Nocabulary. [he ad~ antages of a deconmposition of' space into

nt ii-(1 erkapp ing pa its are th reeb rld. F Iirst, the %ocabla l ry is sita blc forw thle posi tion Comnpo n entI of thc

qual ilati' e state because e~ cry point In fre space niadpS in to Somec on que pla1cC. SCC0oridl tile plemhIil

Of' d 1cira I iCalI ycp ilding at dsc ript ion is a o ided. I atldN slch at dect inlp( rs lt ai idws 5space to he

rep resenited ats at graphI. T he graph st ructuore can he u~sed ats a spatial inrdex anrd Ipo. ides at Ilitille ries k ftor

pr'opagat ion algo ri thills.
I Ihere are thre ic ( rs ideratio is in deftinling the basic place %ocahida ix Ii r lie 4ouircirig Ball

world. First. \h e wotuld like to a~ oid mlak ing Unnecessary distinctions. 'I his w ill keep) thle si/e of the

imo tion desc ri ptitoirs sniall1. ScttidIy. [lhe desc ri piior s we ci un p utc \k ill he sirj rle1r if fo r anriy partic ular

directitrn, only at single type of, qualitative exent canl occur. This reduces thie b'icxhirig faictor ofinotion

descriptions. 'I hiese two itictors ptirt to using changes in thle surfalce geolrctr, to idicate Changes ill

regions. ILastly, the existence of at gras ity vertical mnics that hou~ncirigjUSt uip arid down iis different from

hbiunicing uip and downi with at lef't or right comiponenlt, and so we cShould cut space with \ertical arid

htrri/oirtal lines. 'Ibhis makes the description oif the simplest motion in thle dtomain, bourncing L1 arid

down tin at hori/orial suiftice, simple. 'These points are illustrated inl Figure 32.
Space canl be quariti/ed to satisfy these cornsiderationls by slicing free space with sertical and

hori/oital lines from all corners to the intersection with another surface or border. 'These regions of space

arid thre edges that bound them are transformed intoi the nodes of at graph, connected by pointers labelled

A ith directions that express the adjacency of the elements. Tlhis graph is called tho Saces~ C n.

'[he elements of a Space Graph fall into fouir distinct classes. T[he chunks of free space are

called Sregions (Space region l). SUrfalces and Borders are subsets of the sur faces arid border originally
specified hy the Metric D~iagram for the scene. Tihe edges used to crit free space are called Free edges.

FEach element has Four aidjacenicy pointers, which corresponrd to the namne if the element reached

by travellinig ill the direction specified by the label (see figure 33 ). Space outside the diagram is denoted

by tile label SPI''UM-lNCOGN ITO. Tlhe Sregioris are considered to be open since their boundary is a

distinct part of the representation. TIhis is consistent with the representation of surfaces arid solid regions.

In the present implementation corners ale not given independent existence. Th'is canl be a

source oif illcorisistericy inl the mnapping fr'om points iii the diagrami to places in thre space graph because a

corner belongs to more than one place. It also means that falling straight down arlonig at free edge cannlot

be defined. although it is consistent with tile rest of the semlanitics oif tire Bouncing Ball world.

'The elemenlts of the Space Graph are the largest set of plarces that can bc distinrgtishied using thle

principal directions arid without iritrodricirig new pints oif reference. 'I lie network struture imiposed by
the adjacency pointers makes it useful ats at fr'amewtirk For the erns isorierit process. I Itiwever, nmore

coumplex places also need to be defined.

A well is a set of conrnected Si'egions such that the eleiments k:i thle b~o(ttm arid sides are

suirfaces. Wells are interesting because at hall can he trapped in) them. Figure 34 shows tile wells

comupi ted for two simiple diagrams.
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Fig. 32. Constraints on the qualitative description of space
The physical constraints are gravity and the configuration of surface.
'I'he desire to keep the description of motion simple provides a
computational constraint.

Avoid unnecessary distinctions

Cut space along the gravity vertical

0

Keep a single element in each direction
I 1

1
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Fig. 33. SpaCe Graph datastructures
The daulstructUres for dic Space Graph are annotated Metric )iagramn elements.
'he Metric l)iagram properties, as well as index information stored on thein
by the envisioning process, are not shm /n.

SREGIONO SrGMENTI
left: SEGMENT2 up: SREGIONO
right: SEGMENI1O cnnnecting-region: SREGIONO
up: SEGMENF7 class: SURFACE

down: SEGMENT!
class: SHEGION

SEGMENT2 SI GMENTIO
right: SRIGIONO lert: SREGIONO

left: SPAIIUM-INCOGNITO right: SREGION3
connecting-region: SREGIONO c'ass: FREE
class: BORDER

84 S58

S3

SRI 88 SR2 86

87 Iso
-------- -------------

SR3

82 SRO 810

SSO

Sme
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Fig. 34. Wells
A well is a connected region of FREF space whose sides and bottoms are
surfaces and whosc top is FREE.

I.
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The free space above a surface with horizontal extent and the free space betw een two surlaces

with vertical extent form places that are used in pruning the Sequence Graph. These places are shown tor

the diagram of a w cll in Figure 35.

4.3 Envisioning

Given die Space Graph and the motion vocablali of the Action Sequence, we have all the

machinery we nced to define a qlalitative notion ofstite. A qualitati e stite ofa ball, called a Qstate, is a
triple of the form

((type of motion) <place) (heading))
where

<type of motion> = motion types from Action Sequence
(place) = Space Graph element
<heading )= basic directions or NIL

For envisioning we need rules that transform the current Qstate into the Qstates that can occur

next. We will present these rules according to the class of the place associated with the current Qstate.
If the current place is an Sregion, die next place and direction depend on die current direction.

Figure 36 summarizes die possiblitics. Ambiguities arise from not knowing tihe relative magnitudes of die

velocity components and whether gravity will dominate die motion. The next type ofmotion depends on

the class of die next place. If the next place is an Sregion die ball will FLY, and if a border it will

CONTINUE. A new action type is used to mark a transition between Sregions - if the place is a FREE

edge, the ball is said to PASS.
If the current place is a -,'REE edge, then the next place is found by getting die contents of the

adjacency pointers named by the current direction. The next type will be FLY because a FREE edge

always seperates two Sregions, and the direction remains the same.
For a border die ball will CONTINUiE with die same direction if the current direction evaluated

on the border yields SPATIUM-INCOGNITO as die next place. Otherwise the ball will FLY with the

same direction and in the Sregion discovered using the adjacency pointers. Figure 37 illustrates the use of

these rules.
The possibilties of motion at a surface are more complex because a ball colliding with it may

dissipate enough energy that the ball could stop, slide, or Call instead of recoiling. [he table in Figure 38

provides the new direction of recoil given the orientation of the surfiace and tie direction of impact. [he

type of a recoil state is FlY with the place being the surface. The oricnation of the surlace and the

incident direction determine what happens if the ball does not recoil. If the direction is I )OWN and the

surface orientation is RIGHii" (the solid side is below the surtKice). SflOP is the next type v ilh direction

NIl.. Il)pending on die orientation of the surface the next type is cither SI II)tF/STO' or FAL..

SI.1III-/STOI is terminal, while FA.1. becomes a I.Y in the region adjacent in the surface.

With our set of rules for qualitatie simulation we caln leine the process of en isioiing. It will
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Fig. 35. Olher PLACEs
lbcs regions of space will prove to be useful in pruning the envisionment.

'Ul

Z']
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Iig. 36. Sregion transition table
Next

l)ir ction PlaeI-Drection

nil $self D

D' down D

(1. D) down (L .))
left (L:))

L Ssclf (L D)

(L U) Sself L
left L
left (1, U)
un _L _l_

U Sself D
up U

(RU) $seir R
right R
right (R U)

R self (R D)

(R D) right (R D)
down (R D)

Motion type of next Qstate is detennined by the class of the next state

BORDER -> CONTINUE
class= SURFACE -> COLLIDE

FREE -> PASS

prove useful to bc able to compute descriptions of what motions arc possible for more states ofa hall than
just the initial one. For example, a dcwription of the motions possible after sc cral bounces may reveal
that the ball has lost so much energy that it is trapped in a well. Thcreforc the description cannot be in
termis of Qstatcs alone.

Iet a SEQ node be the representation oft a Qstatc in the description or motions possible from a
particular state of a ball. [nvisioning proceeds by creating a S1Q node representing thc initiil Qstate and
using the rules to generate SI:Q nodes corrc;ponding to the Qsatcs possible from that state. The mtles arc
then applied to cach new SlIQ node that is generated. SIFQ nodes are linked h BI..OR I: and Al TITR
pointers which reflect their temporal ordering, and arc indexed by their place in the Sp.tce Graph to

I~ IN
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Fig. 37. Rules for BORI)Rs and FREE edges

SEGMENT2 SEGMENTIO
right: SREG[ONO right: SREGION3
left: SPATIUM-INCOGNITO left: SREGIONO
connecting-region: SREGIONO class: FREE
class: BORDER

Being at SEGEMENT2 with LEFT. (LEFT UP). or (LEFT DOWN)
- CONTINUE in SPATIUM-INCOGNITO
otherwise FLY in CONNECTING-REGION. SREGIONO

Being at SEGMENTIO -> PASS
if direction contains LEFT, next place is SREGIONO
if direction contains RIGHT, next place is SREGION3
otherwise undefined

New direction of motion is the same as the old

S4 85

83

SRI se 8R2 so

S7 Be

82 SRO 810

_ so

., .- ll .
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Fig. 38. Recoil table for SURFACEs
'The direction of a surface is the direction travelled from one
end to the other with the SOl .1) side on the right. A 21) projection of
flat ground. for example, would be (R IGIIT). "X" denotes an impossible
coUmbination.
heading Surface Orienlaion

R I U D (R U) (I. U) (R D) (L D)

R X X X u x x (R )) (L U)

(R U) U 1. U 1U L
(R U) X X (L )) (R U) X (, D) (I. U)
(I. U) (L. U) IL U) (1, U) (I ))

(R U)

U I, X X X (1, U) X (I, I)) X

(I- U) D I (I)
(R D) X 1L U) X (R D) L D
(I. D) (1. 1)) (L D) (I. U) (R D)) x

(I. U) (I. D) (1 ))

L X X D X (R D) (i. D) X X

(f. D) D R R RD 
x (L D) (R U) X (R U) (L D) X (L D)

(R D) (R D) (R D) (R D) (R D)

D X R X X X (R U) X (R D)

(RD) U R U R RU
x (. U) X (R D) X (L. U) (R U) (R D)

(R U) (R U) (R U) (R D) (L U)
(R U)

avoid looping. This process continues until no new SFQ nodes are generated. Termination is guaranteed

by the finite numiber of places and the finite number of Qstates possible at each place.

The collection of SE.Q nodes firns a rooted, directed graph called the Sequence Grah. Any

motion from die initial Qstate can he described as a path through die Sequence Graph, and all
oscillations correspond to cycles in it. SIQ n des that correspond to lea ing the II.Y case of motion

(CONlINUF-, S lOP, and SIl.ll)l/SlOlP) are explicitly marked is terminals. A schemnatic represenlation

of (ie Sequence Graph is drawn in Figmre 39. I-ximples of the actual datastructures of the SI'Q nodes

may hc found in Appendix one. I )cspite its site (abott 85 nodes for a diagram collailling a single 'eIl) it

is quite economical to compute.
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Fig. 39. lNagrnunatic represenitation of a Sequence Graph
Fach arrow or circlc represents an SFQ nodc and is drawn over the clement
of thc Space Graph which represents ics location. 'llhc direction is indicated
by the direction of the arrow, and circlcs mcean either no direction or
a non-recoil stt at a surfaice. fIlic root node of thc graph is not
distinguished, nor arc the orderings of the elcemcnts.

S,%L,

<rr

tric diagram~

->>(what-is 0> root sequence-graph phob))
(),> ROOT SEGUENCE-GRAPH P1408) =SEOO

->)(pseq seqO)

THIS IS THE START "ODE OF TH1E GRAPH FOR G2869
BEGS
(FLY SREGION3 (LEFT DOW"N))
CA" BE REACHED BY (SEOI2)
NEXT CA" BE (BEG! SEO2)

-N),pseq .seql)

SEGI
(COLLIDE SEGNENT9 (LEFT DOINIl))
CAN BE REACHED BY (SE09),
"EXT CAN BE (SE03 SEO4)

Mimim
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4.4 Using qualitativc constraints on motion

Several kinds of constraints influence the possiblities for motion. Some physical parameters
eliminate classes of motion. For example, a ball that is conpletely inelastic % ill not recoil wlhen it collides

with a surface. Other constraints are imposed as assumptions about the motion that reflect some desired

state of affairs, such as assuling that a ball does not go into a well. We shall \.ie" ph sical properties as

assumptions, since they are asserted by a fallible user. The elftct of these assumptions is to prune Qstates

fiont the Sequence Graph.
Not all qualitative constraints on motion can be enforced by prunin the Sequence Graph.

"lounce three times on SU R :ACI'0 and more than tike times on SURIFACI] ' is one example I l'he

constraints that can be assimilated b, pruning are those which specif that a ccrtain Qstate is required in
(or excluded from) every Qstate path, or that a particular place in the Space Graph is reached (or never

reached) in every Qstate path.

tlasticity and energy are the physical properties that cause SIFQ nodes to be excluded fro tie

Sequence Graph. If the COR is I (the ball is perfectly elastic) all Qstates after a collision that do not
correspond to recoil (SI lD'/STOP, STOP, and FA.1.) are excluded, and if the COR is 0 all recoil

Qstates after the collision must be excluded. Energy limits the maximum height a hall can reach, and all

places in die Space Graph that are completely above this height are excluded.
We will call an S:Q node alive if it corresponds to a Qstate of motion that is possible under

whatever set of assumptions currently holds, and dead if it does not. Marked on each dead node is the

reason for not believing that it corresponds to a possible state of motion. The Sequence Graph is made to
reflect the assumptions about motion by killing the nodes required to directly satisfy each constraint in

turn, and then killing off other nodes that must die as a consequence.

The direct consequences of assumptions are simple to compute. Assuming a Qstate does not
occur kills its corresponding SEQ node, and assuming that a place cannot be reached kills all SEQ node at

that place. T1o assume that certain states or places are required means that all nodes not on a path that
includes these states and places cannot occur. A simple marker sweeping algorithm finds these nodes.

Once the direct effects (if individual assumptions have been found the indirect consequences of

these changes must be computed. Several facts of motion are involved in this process. All Qstates that

are possible must be reachable via some path of live Qstates from the ii itial Qstate. This means that there

can only be a single connected set of live nodes in any prtnied Sequence Graph. Unless the ball is

perfectly elastic, it must either stop or leave the diagrani. This corresponds to the requirement that every

Qstate (tnlless the COR = 1) be on some Qstate path that includes a terminal node. These restrictions on

I [he Sequence Graph can be thought of xs a spccificaiion for a finite staie noachine thai rcco ,inls patlhs of Qs'alcs
corresponding to legal motions fhoin Il itl l ,%,laic U r "r lIins oil Otl()io nliav also he ', ' d as slpeci f. or a ,I nuige on (stale
pahs Ilbc class of languages iha cain be ex pt e d, b pn lin ti ,,cqtLtnce (e api is a suhscl ol thc I tilar langtages on this
alphahcl "any palh that contans c, acily two inst ances of (I IY (SH I ;ION0) (II i i'" ts a r' lar ia o hat caniom be so

cxprcsscd.



-73.-

the envisioniient can be enforced by another marker sweeping algorithm. All nodes that can be reached

from the root are found by propagating a mark across AFIFR pointers through live nodes. Marking

from all live termination states across EI1IOR F pointers through live nodes finds the nodes which are on

a terminated path. All other nodes are considered dead. The results of this pruning process on a

Sequence Graph is illustrated in figure tO.

Using the requirement that motion occurs on a continuous path in space can speed up the
pruning process. We define ,, place to be reachable in sonic Sequence Graph if and only if there is a live

SIFQ node at that place. All places that do not belong to a path of reachable places fi-rn the place of tie

initial Qstaie are considered unreach..ble. The processes described above can render some places
unreachable, and by using a marker s~keeping algorithm the places that are tinreachable as a consequence

can he discm~ered. A mark is pl;iced oi the place containing the initial Qstate, aid propagated out in all
directions tlhrough the Space Graph. stoping at places that are marked as unreachable. The SFQ nodes
associated % ith unmarked places can then be killed. The small size of the Space Graph as compared to

the Sequence Graph makes this technique very attractive.

If a ball is perfectly elastic, it might bounce around inside the region of space enclosed by the
diagram forever. This corresponds to a Sequence Graph with no live termination states, and thus the

termination sweep described above cannot be used. A local fact tOat can be used is that if all the lodes

that are AFIT'R a particular node are dead, that node must also he dead. [his helps in sonic cases, but is
st~mied by cycles in the Sequence Graph. Figure 41 illustrates this. In die Sequence Graph drawn here
it is considered possible for the ball to be bouncing up and down heading leftward, W'ithoUt ever reaching
the left side of the place it is bouncing in. This could happen only if the leftward velocity is infintesimal,

which is impossible in practice. We call this problem the Qualitative Zeno's Paradox, by analogy with the

classical motion description problem.
The Qualitative Zeno's Paradox would be very difficult to solve within the confines of the

Sequence Graph. It is akin to the problem of garbage collecting circular lists or dealing with a circularity
in a dependency system, because the cycle in the graph structure makes local methods fail. In addition,
the sheer number of cycles in a Sequence Graph prevents their identification and inclusion in some

modification of a local method.
The difficulty disappears if we use space in our reasoning. The places where a ball can bounce

are the regions of free space above sonic surface with hori/ontal extent, or between two surfaces with

Nertical extent. A ball can he tra% elling in such a place in a particular direction only if at least one of three
things happens. It lust either leave the place going in tile sanne direction, it can stop inside the place
after going in that direction, or it can change direction within that place. If none of these occurs the ball
caiiot be miioving in that direction within that place. This rule is applied to each of tile four principal

directions in each of the places in the Space Graph as defined above.

TIhese pruning techniques are iterated over the Sequence Graph until no further nodes are
killed. The algorithms are slighlly more complex than described here because they annotate a node with

the information abiout the reasons fi)r its death. 'Ibis infionuation is uscful in tracing the effects of
particular assumptions.
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Fig. 40. IFifects of aissumnptions on the Sequence Graph
Ambiguity in the Sequence Graph may fie reduiced by making assumptions
about physical parameters and the properties of' motion.

V >
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SE035

(COITXIIIE SEGPIEITIS (RIGHT)) IS UHATTAIMABLE BECAUSE
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SE022
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Fig. 41. Qualitative Zeno's paradox
In this description it is considered possible to bounce up and down
to the left forever without stopping nor reaching the leftmost part
of tie region of space in which the ball is moving. 'Iis situation
is impossible without velocities becoming infintesinial.

mtrio di agran

-))(describe-It () asswvtions phob))

() pssUMPrromS PHOB) 1 035
G9355 IS THE SET OF IOTION RSSUPTIOM6 FOR ( INITIAL-STATE PH09)
THE ROOT OF ITUS SOUENCE GRAPH IS SEO
ECL.UIED PLACES fRE (SEGTIENT26 SEGUIENT25 KEOIEi12 1EGKNr124 9IE5 n )ffla)
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There are three ways that inconsistencies can arise within the Sequence Graph. First, the

assumptions may explicitly conflict. Requiring a Qstate whose place is excluded is one way for this to
happen. A node or place that is required might die as a consequence of other constraints, such as an

energy bound. Lastly, the root node may die, implying that die graph is overconstrained. Figure 42

shows an overconstrained Sequence Craph. In each of these cases FROBI complains and offers up the

otTending assumptions for inspection and possible correction.

' i

&
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Fig. 42. An owccoaistrinied Sequence Graph

betric diagramn

-(cannot- Ieave-di agram phob)
(SEGIEi123 SEGMIENT24 SEGMENT 12 SEGMENT25 SEGMENT 26)

UPDATING ASSUMPTIONS FOR (>> IHITIAL-STRTE P11DB)
SEOUENCE GRAPH FOR 0> INITIAL-STATE PHOB) OVERCOfISTRRINED1
(FLY SREGIONI (LEFT DOW")) IS UNATTAINABLE BECAUSE
(CRNNOT -RERCH SEGMENT 24)
(CRNiI3T- RERCH JEGMENIT-;)
(CANNOT -REACH SEGMENT 26)
(ELSTIC)
(CAIIOT -REACH SEGMENT 25)
WOULD YOU LIKE TO CORRECT THE MOTION RSSUMPTIDMS?yes P

TYPE *P TO CONTINUE
; BKPT MOT ION-RSSUrIPTIO"-CHECK

(night-be-at phob segment24)
(SEGMENT 26 SEGMENT 25 SEGMENT 12 SEGMENT 23)

UPDATItIG ASSIJMPTIOffS FOR 0) INITIAL-STATE P1106)
ICHECKING PATH OF MOTIOtl fGAIVIST ASSUMPTIO"S

->>,
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5. Sohing Motion Problems

A description should be judged by how appropriate it is for some purpose. In defining the

Iouncing Itdl world four questions were introduced to serve as a focus. They were
1. What can a ball do next?
2. Where can it go next?
3. Where can it end up?
4. Can these two balls collide?

'I he descriptions produced by FROB contain explicit answers to the first two questions, In
particular, what a ball does next can be discovered by looking at the NVXT-MO'I ION cell for that state if
the Action Sequence exists, or at the motion types of the SFQ nodes listed as the AI":Rs of the node
that corresponds to the state in question. Where a ball is at some instant can be discoxered precisely by
examining the Action Sequence, more vaguely by examining the path of Qstates that corresponds to the
Action Sequence, and where it might be by examining a Sequence Graph computed from the state in
question. The consistency of quantitative parameters and certain qualitative assumptions about motion
are enforced within the individual descriptions.

Using these descriptions of motion to answer the last two questions is the subject of this chapter.
We will first examine the mechanics of linking the Action Sequence and the Sequence Graph by means

of a path through the SEQ nodes first. Summarizing simple global properties of motion (question 3) will
be discussed next. Finally the problem of detecting collisions (question 4) will be addressed.

5.1 Qualitative and Quantitative Interactions

Every motion that is possible from some state can be described qualitatively by a sequence of

Qstates that corresponds to a path in a Sequence Graph computed for that initial state. It is important to
snap the description provided by the Action Sequence into such a path to check that the actual motion
reflects the assumptions made about it. Comparing the symbolic places in two Qstate paths al , ? orovides

a filter for collision possiblities that is simpler than intersecting specific trajectories.
Mapping from an Action Sequence into a Qstate path is simple. Explicit in the description of

each act are the type of motion and the direction which form two of the three components of the Qstate.
llice places in the Space Graph that correspond to a point or a trajectory can be determined by the parity
and intersection capabiiities of the Metric Diagram. Rules that carry out this process are attached to each
motion constraint. Figure 43 shows the Qstate path generated by a particular trajectory.

To check the assumption.,, about motion, the Qstatc path is matched against the Sequence Graph
for the initial state of the ball. Any dead SI'FQ nodes that correspond to a Qstate in the path signal an
inconsistency in the assumptions. Assumptions about required Qstatcs or places are harder to check,
since the Qstate or place might occur in a portion of a path that is not yet computed. A Sequence Graph
fiur the last PI IYSOI in the Action Sequence call he compu p d and inspected to see if the required state
or place can still occur in the fIuture. 'lie current implementation of IROII does not create new

a.
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Fig. 43. Qstate trajectory description
Any Action Sequence can be described as a path of Qstates through the
Sequence Graph.

17 SR1 31 M 44 fl3 SN3

etric diaQrem

THE STRTE TPAJECYTfRY I-S
(FLY (SREGIOII3) (LEFT))
(FLY (SPEGIO113) (LEFT DOWN))
(PASS (SEGMEIT44) (LEFT DOWN))
(FLY (SPEGIOII2) (LEFT DOWN))
(PASS (SEGMEIIT41) (LEFT DOWN))
(FLY (SPEGIOIIO) (LEFT DOWN))
(COLLIDE (SEGIEIT12) (LEFT DOWN))
(FLY (SEGMEHTI2) (RIGHT DOWN))
(FLY (SPEGIQIIO) (RIGHT DOWN))
,(COLLIDE ($EGMEIIT1I) (RIGHT DOWN))
.(FLY (SEGMEIIT1i) (RIGHT UP))
(FLY (SPEGIOIIO) (RIGHT UP))
(COLLIDE (SEGMEI!TIO) (RIGHT UP))
(FLY (SEGMEIITIO) (LEFT UP))
(FLY (SPEGIOI!O) (LEFT UP))
(PASS (SEGItEHT41) (LEFT UP))
(FLY (SPEGIOII2) (LEFT UP))
(FLY (SREGIO1Z2) (LEFT))

. ,-" .
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Sequence Graphs to check required Qstate or place assumptions.

5.2 Motion Summaries

Summarization makes explicit certain global features of a description that are implicit in its

original form. The Qstate path is a sunmlari/zation of the Action Sequence. and it in turn could be

suninarized by parsing it into patterns of repetitive motion. This section deals with suLronari/ing the

Sequence Graph to describe what a ball can esentually do. Without knowing details, the onlN two things

that can be said about the eventual state of a ball is whether or not it might stop at d where it might be.

A ball will stop moving only f it loses energy. If we ignore the possil~ility of a surface being

struck at grazing incidence to produce a SIHI)F, tie elasticity of a ball is the sole factor that determines

whether or not a ball will move forever. The places it can stop at are simply those places in the Space

Graph that have a live SFQ node whose motion type is SHIDE/STOP or STOP.

A ball will either leave the space enclosed by the diagram while it moves or stay inside it forever.

I.caving tie diagram is possible at tie places named in the live S-Q nodes whose motion type is

CONIINUE. A ball that does not leave the diagram either stops within it, bounces around forever inside

some portion of it, or is trapped inside a well. Being trapped in a well can be detected by the existence of

a live SEQ node within the places that comprise the well and no live SI-Q nodes in places outside it.
:igures 44, 45, and 46 show examples of the summaries FROB produces.

5.3 Collisions

"In a world of cause and effect, all coincidences are suspect."

-Nero Wolfe

A collision occurs when two objects are in the same place at the same time. Even with

incomplete information we can often decide that a collision is not possible. simply because one motion is

finished before another is begun, or that the two moving objects are never in the same region of space. If

there is an overlap in either space or time, simulation can detennine whether or not a collision actually

does occur during that period. Since there are several different resolutions for the position of a hall (the

places mar ked in its sequence graph, the Qstate path describing its motion thus far, and tie actual

trajectory it tkes). the program can often decide there is no place for a collision to occur long before it

deis v&ith the constraint imposed by time.

Ihe roost general test is to check the places occuIied by the live Qstates of the Sequence Graphs

com1pruted from the initial states for each ball. If there is no place thait has a (lie) QOt,et fromml eh hall,

the t ko balls cannot collide. Also, if they do omerlap hut one bIml is a|lwa s to the left of the other

(deterimined by knowing the initial georetry and tie directions of all die possible molions) they again

cannot collide.

If a collision is still possible, the Action Sequences for the balls must be checked. [le times of

... ......... .~~ ~~~~.. . ............................ ,.... ,1', ., ..... d......... - -
.,-...... -°
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Fig. 44. Motion sunary I
Hounds on a ball's future iocation can often be computed.

teric diagram

->) (not I on-sumnary-f'or bl)

FOR GM?64
THE BALL WILL EVEIITUALLY STOP
IT IS TRAPPED IIlSIDE (NELLO)
MtlD WILL STOP FLYING AT OfIE OF (SEGMEHTII)

14IL
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Fig. 45. Motion summary 2
Being unable to enter the well prevents the ball from moving to the right.

1u SAO 16

metric diagram

(describe-it (>> assumptions fred))

(>> ASSUMPTIONS FRED) = G0802
G0802 IS THE SET OF MOTION ASSUMPTIONS FOR 0> INITIRL-STRTE FRED)
THE ROOT OF ITS SEQUENCE GRAPH IS SEO8
EXCLUDED PLACES ARE (SEGMENT41)

G0802
->>(what-is (>> state initial-state fred))
(>> STATE INIITIRL-STATE FRED) = (FLY (SREGION3) (LEFT))
NI L
->>(mot ion-summary-for fred)

FOR GO725
IT IS UNCLEAR WHETHER OR NOT IT WILL STOP
IT MIGHT LEAVE THE DIAGRAM AT (SEGMENT48 SEGNENTI? SEGMENT49 SEGMENT5G)
OR STOP FLYING AT ONE OF (SEGMEHT9 SEGMENTi3)IIL ..

4.i
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Fig. 46. Motion sumnary 3
Sometimcs the final smte of the motion is known.

*1
ti

rmetric diagram,

->> (not I on-suinmary-for phob)

FOR G0261
THE LAST THING IT DOES IS RISIGUITY-SLIDE4STOP
AT POSITION (2.051562846 . -8.8) AHD TIME UMKNOW4
"IL

II
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each act are inspected to find out which of them have intervals (hat are simultaneous. Should none

overlap and the Action Sequences are complete, no time coincidence can exist, so no collision can occur.

Those which ovcrlap in time are checked to see if their Qstate paths share places. If they do, the

trajectories arc intersectcd. If an intcrsccuion point is found, the motions are copied but with new

PIYSOBs to describe the state afterwards. 'he intersection point is used as thc geometry of the two new
AFiFRs. A collision occurs if the times on thesc I1 YSOBs are the same. The failure of any of these
steps rules out a collision at that particular point, but all othcr possibitics must be checked.

If there are no collisions found by de comparison of the Action Sequen-es, it either means that
no collision occurs. or that simulation hasn't been carried out yet to the point %,here one does. If de
Action Sequences invokxed are incomplete, a Sequence Graph is made of die last PIYSOlI in each

sequence. [he Sequence Graph for the earlier P1 IYSOII is compared against de Sequence Graph of die
later one, pluJs the Qstatc path from the time associated with the earlier PI YSOB and the later one. If
there is no spatial coincidence, there can be no collision. Otherwise one is possible at the places which
overlap. The process described here is illustrated in figure 47.

Figures 48, 49, and 50 show the answers the program gives for some typical problems.

S. 1[i1
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Fig. 47. Collision detection can inolvc several descriptions

Overlap
T6

SEQUENCE
PHYSOB T2

GRAPH

ACTI

T4

SEQUNCE HYSO -*jTO

Initial state

T31
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Fig. 48. Collision detection I
If enoLIgh information is known, the exact time and position of

a collision can be determined.

LI,

inetric .diagra

->)(collide? bO bi)
(> RCTIONt-SEOUECECE 81) GO IN THE SANE PLRCkS
CANNOT PLACE ENDPOIITS - PRRRBOLA2
BUT THEY DO hlOT COLLIDE

(POSSIBLE AT SEGI1EIIT36 SEGME"T II SREGION2 SREGIONO)
->>(change-parameter (>> time initial-state bl) 9.985291242)
0.0875291242
->>(collide? bO bl)
0> RCTIOM-SEOUENCE 90) RND (> RCTIONI-SEOUEfCE 81) GO IN THE SRIIE PLRCES
CANNOT PLACE EIDPOITS - PAPABOLR3
COLLISIO1l AT (( I.I ?033445?e-7 -0.7963998606)) AND e.6875291986 SECOIDS
(((1.170334457e-7 -0.7963998606)) , 9.68975291 096)

->>
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Fig. 49. Collision detection 2
If two balls can never be in die same place they cannot collide.

17 SRI 31 S 4 SR3 Is

rIetric diagram i

->>(collide? fred george)
(POSSIBLE AT SEGMENT50 SEGMENTI? SEGMENT13 SREGIONI)
->)(cannot-be-at fred segnernt3l)
(SEGMENT 31)
UPDATING ASSUMPTIONS FOR (> INITIAL-STATE FRED)
CHECKING PATH OF MOTION AGAINST ASSUMPTIONS
->>(collide? fred george)NtO
->>(what-s (0) state initiel-state fred))

(>> STATE INITIRL-STATE FRED) = (FLY (SREGION3) (LEFT))
141L
->>(what-is (> state initial-state george))
(>> STATE INITIAL-STATE GEORGE) * (FLY (SREGIOGI) (LEFT))
NIL

. .. . . .. . . :
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Fig. 50. Collision detection 3
A small amount of simulation can oftcn rulc out a collision.

I.

Ltric dlagram

-)(collIde? fred george)

-) > (not I on-sunnary-for fred)

FOR G2834
THE BALL MILL EVENTUALLY STOP
IT MIGHT LEAVE THE DIAGRFII AT (SEGlEIT3B SECNE?9T29)
OR STOP FLYING AT ONE OF (SEGIENI9)

NIL
-)A (ot I on-sunnary-for george)

FOR G2948
THE BALL MILL EVENTUALLY STOP
IT MIGHT LEAVE THE DIAGRA AT (SEGIEMTI4)
OR STOP FLYING AT ONE OF (SEGMENT?)
L
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6. (onchluding Remarks

6.1 Summary

'This work has studied the role of qualitative and geometric knowledge in reasoning about
motion. The issues were explored by building a program. [ROll that could reason about motion in a
simplified domain. '[his section summarizes what was learned.

[he knowledge embedded in FROII constitutes a quatitative theory of the I1 .Y case of motion.
As such it is a step towards a better !ornal understanding of common sense r.asoning about motion.
I loweser, I believe that the program illustrates ideas that are IMr more general.

The first and most important of these ideas concerns spatial reasoning. If metric properties for
the spatial aspects of a problem are proided, simple methods can be used to decide certain spatial
questions. For people this process involves drawing a diagrain on a piece of papr and interpreting what
they see. For [ROB the process involves calculation within [he Metric Diagram.

Qualitative reasoning about space requires dividing space into distinct places. I)iflerent kinds of
reasoning may impose different sets of places on a diagram. In the Iouncing Ball world a physical
constraint (gravity) and a computational constraint (simplify the description of possible motions) define a
non-oerlapping maximal place set lor space whose elements can be composed to describe any other
place required. Any non-overlapping place set will allow space to be described as a graph. The graph
structure makes the creation of new places by composition easy and provides a fiamework for computing
qualitative descriptions.

Different descriptions of the same situation must have a common vocabulary for
communication. The constituents of the qualitative state perform this function in the IBouncing Ball
world Fmbedding the place description in the diagram and decomposing quantititive d.scriptions into

qualitatively distinct acts pro% ides the common vocabulary in FROB.
The effects of assumptions about a ball and its motion can be captured by the Sequence Graph.

The assumptions rule out certain states of motion so they can be pruned from the Sequence Graph.
lFurther nodes may have to be pruned to satisfy certain constraints on motion. fliese constraints include
the continuity of motion through space and the fact that velocities cannot be mathematically in fintesimal.

Qu,,litative knowledge provides a structure for using the equations of motion. Distinct types of
motion can be represented as computational objects and linked by descriptions of a ball's state at a
particular instant of time to form networks that describe motion. Implementing these objects in a

constraint language enables them to be used for simulation and analysis.

6.2 Psychological Implications

FROll captures the knowledge necessary to answer a muimber of questions about the Ikluncing
ii ll domain that people fill( easy to answer. HIowever, this does not imply that it uses the same
k mi'' ledge or as much kmi)% ledge as humans have about the domain.
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One aspect of human understanding that is missing in [ROIB is sienificance. Understanding the

significance of a piece of knowledge implies the ability to relate it to other things you know. There is no

other interpretation of the terms used in FROII's representations below the level of the processes that

directly manipulate them, nor are they a part of a larger corpus of knowledge. This makes IROI

inflexible. For example, a person would understand that the only impact on his knowledge of halviv, the

value of the gravitational constant would be thac the value used in the equations of motion must be

changed accordingly. Hie would understand that if gravity varied in magnitude with time the equations of

imolion would become more complex and that if the sign varied as well his qu.ilitative rules of motion

would require revision.

The idea behind the Metric )iagram is to require specific values as par.lneters of elements in a

geometric representation so that spatial questions can be decided by simpl, techniques. Using a

representation of geometry with metric properties makes sense for people because Che have evolved

visual hardware for perceiving a world made of objects with specific properties. The cry different

structures available fbr computation in people and machines means the algorithms and implementations

are probably quite different, but the principle is still the same.
The description people give of possible motions is quite different than the description computed

by FROB. For envisionment people divide space into places that are much larger than the places that are

elements of the Space Graph, While the resulting description is very small, it can be expanded on

demand. This suggests people use a hierarchial description of places) , with the Space Graph FROR uses

corresponding to the most detailed level of the hierarchy.

Instead of pruning a description of possible motions to reflect qualitative assumptions, people

appear to create a new description using the assumptions to guide and limit the generation process. This

limits memory requirements at the cost of increasing the time required to figure out why something

didn't happen.
"llie decomposition of motion represented by the Action Sequence is very natural, both for

using equations and as a way of describing motion. I believe a structure like the Action Sequence is the

target representation that quantitative data about motion (obtained perhaps from interpreting perception)

is mapped into, so that qualitative constraints and assumptions about it can be checked. iowever, the

actual use of equations in [ROll is most unnatural. Unlike FROB, people usually do not compute every

numeric parameter possible from a set of information. People can also manipulate equations of motion to

generate algebraic solutions and are capable of interpreting equations in a qualitative fashion, neither of

which FROll can do.

I An cianrple is lMc)crnioll 74). which used a tree of places to represent space.

r--
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6.3 Future work

We are a long way from understanding the human fluency in dealing with space. If our

machines are ever to exhibit common 3ense this situation must change. This work raises several topics

whose investigation would be steps in that direction.

Reasoning about geometry needs to be smoothly integrated with other kinds of reasoning. One

step in this integration is to make the processes that compute qualitative space descriplions and decide

spatial questions keep dependency information. Several advantages would accrue from this. Geometric

analysis could be incremental, thus fa:ilitating the use of' several sources for geometric information,

perhaps someday even perception. Creating a Metric diagram fron a relational description also requires

the capability to identify the souLce of inconsistent properties in the diagram. Incremental detection of

possible collisions would be sinipificd t ecause each trajectory could be marked % ith an assumption that

no other trajectories intersected it. Asserting a new trajector) could cause these assumptions to be

checked.

While the Metric l)iagram representation seems to be the most productive line of research, I
would not suggest abandoning the investigation of other geometric representations. Inprovements in

relational geometric systems will be required to interface with more symbolic knowledge. The possible

computational advantages of a N I'TI like array structure (cf section 2.4) should also be investigated.

Further studies in common sense physics are important in their own right, as well as being good

domains for study ing reasoning about space. There are still no qualitative theories for SWING or ROIL.
classes of motion. A particularly interesting subset of RO. would be the Iillard Ball world. Apart friom

the interesting issues of planning, the dominance of moing collisions would necessitate a better

description of them.

One important use of common sense knowledge about motion is to tell us when observations of

at situation conflict with the model we have of it. This requires using the qualitative vocabulary of motion

to understand quantitative data from outside sources. The qualitative consistency checks people apply to

quantitative data need to be explicated.

Mechanical systems also require interesting reasoning. Strings, springs, and shape must

eventually be dealt with. The Metric )iagram could be extended to include hierarchial descriptions of

objects as a way of dealing with this added complexity. For example, a string could be represented by a
region of space at the roughest level of description and by a connected set of arcs at the finest. The

literature on spatial modelling in robotics is a likely source of relevant ideas on dealing with shape.

Reasoning about motion is only one of many problems that hlll under the heading of spatial

soning. Other types of problems include navigation, knot typing, and mental imagery. The terrain is

mostly uncharted, but we must press on from our small clearing.

- ..
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8. Appendix I - FROB Scenario

'[his section contains the trace of an interaction with FROB. It is included to give the reader
some idea of what the actual implementation is like without resorting to the incl ision of a listing of the
code. The capabilities shown here are a subset of N hat the program is actually capable of.

FROh is written in MACi.ISP, a dialect of ILISP. It was Originally us,:d on the MIT Al lab's
KA-10. and now runs on the CAI)R Lisp Machines designed at the laboratory. Using a CAI)R is
important because the descriptions created by the program can be quite large, well over the 256K
addressing limits of a PDP-10.

For this trace, input to the pro ;ram is in lower case, while the program's "esponscs are usually in
upper case. Comments on the proccedi-igs are in a different script.

First we start the program.

(f rob)
->>(start-new-diagram)

the "->" is the top level prompt. Creating, modifying, and interrogating the descriptions in
FROB is accomplished by calling finctions written in L.ISP. The function just called prepares the
program for information about a new scene.

->f'ile-road
FILE NAME?((dsk kdf) scene2 >)

iliis file contains the specifications for the surfaces in the scene. It wzs created with a simple
graphics system and dumped out as a file for future use. Its contents are contained in figure 51.

SCENE-2

A number of Metric Diagram elements and constraints are created to represent the scene.
What is printed during this process are the internal names of the symbols created to represent these
entities. These internal names are uninteresting and have been excised from the transcript.

->>(draw-scene)

INo fly-simulates to draw oni

The Metric Diagram specified thus far is drawn in figure 52. This drawing does not show the
interpretations of the elements, nor does it show which side of the surface is considered to be free space
and which ,oIid. From now on, the commands invoked to display the diagram will not be shown

->>(diagram-done)
SCENE-2
COMPUTING SPACE GRAPH FOR SCENE

Once all the surfaces have been specified, the areas of the diagram that are interpreted as solid are
isolated and a qualitative description of free space is computed. licre is of course only one solid region

in this scene, shown in figure 53.

k'k=EZD1 PZ MAN-IwoT 71 Aw
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Fig. 51. Contents of SCENE2
;-*-lisp-*-

(new-diagram 'scene-2)
(create floor 'surface)
(create incline 'surface)
(create cornerO 'corner)
(create cornerl 'corner)
(create corner2 'corner)

(set-parameter (>> first-corner floor) cornerO)
(set-parameter (>> second-corner floor) cornerl)
(set-parameter (>> first-corner incline) corneri)
(set-parameter (>> second-corner incline) corner2)
(set-parameter >> first-connection cornerO) nil)
(set-parameter >> second-connection cornerO) floor)
(set-parameter (>> first-connection cornerl) floor)
(set-parameter >> second-connection cornerl) incline)
(set-parameter (>> first-connection corner2) incline)
(set-parameter (>> second-connection corner2) nil)
(set-parameter (>> geometry cornerO) (create-point -10.0 -8.0))
(set-parameter >> geometry cornerl) (create-point 0.0 -8.0))
(set-parameter (> geometry corner2) (create-point 10.0 -2.0))
(set-parameter (>> geometry floor)

(create-segment (value? (>> geometry cornerO))
(value? (>> geometry cornerl))))

(set-parameter (>> geometry incline)
(create-segment (value? (>> geometry corneri))

(value? (>> geometry corner2))))

(set-parameter (>> solid-side floor) '+)

(set-parameter (>> solid-side incline) '+)

;add the interpretations
(mapc '(lambda (geoms)

(putprop (value? (>) geometry geoms))
geoms
'interpretation))

(list cornerO corneri corner2 floor incline))

(create the-scene 'scene)
(set-parameter (>> diagram-name the-scene) current-diagram)

Thc qualitative description of space is called the Space Graph. Fach node in it is a Metric
)iagram element that has been annotated with adjacency information as well as a specific interpretation.

Figure 54 contains a labelled drawing of the Space Graph elements for the scene
"SR" means SREGION and "S" means "SEGMENT". 'fhe class of an element is its

interpretation. Here are sonie constituents of tle current Space Graph -

SREGION3
POSSI[LE-WEIL? NIL
CONNICTED-SET (SB[GION2 SREGION3)
MFMBER-OF *S-REGIONS*

COPERS (POINT34 POINTI7 POINTI1)
BOUNDARY (SCGM[NT27 SEGM[NT29 SEGMENT6)

IOWN SEGMrN[6
RIGHil SFGmFNT6
UP SIGMLN129
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Fig. 52. The Scene

II

netric diagram

LEFT SEGMENT27
TYPE REGION
CLASS SREGION

SEGMENT6
CONNECTING-REGION SREGION3
MEMBER-OF *SPACE-GRAPII*
PART-OF

((BOUNDARY . SREGION3) (BOUNDARY . REGIONO) (BOUNDARY . REGIONO))
UP SREGION3
LEFT SREGION3
CLASS SURFACE
END2 POINTI7
ENDI POINfII
COMES-FROM SEGMENT5
PERPfNDICULAR-FQUATIONS

((-0.8574929 0.5144957 -4.1159659) ('0.8574929 0.5144957 7.5459377))
UNIT-NORMAL (0.5144957555 -0.8574929256)
UNIT-VFCTOR (0.8574929256 0.5144957555)
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Fig. 53. Solid Region

I,

t$ric diagram

TYPE SEGMENT
EQUATION (0.5144957555 0.8574929256 -6.859943406)

SEGMENT27
M[MBFR-OF *SPACE-GRAPH'
PART-OF ((BOUNDARY . SREGION3) (BOUNDARY . SREGION2))
RIGIII SREGION3
LEFi SP,EGLON2
CIASS FREE
COMES-FROM SEGMENT19
INIInFPRErATION NIL
PERlPlNOICIII AR-EQUATIONS ((0.0 1.0 -8.0) (0.0 1.0 -2.0))
UNIT-NORMAL (1.0 0.0)
UNII-VEC[OR (0.0 1.0)
TYPE SEGMENT
IOUATION (1.0 0.0 0.0)
IND2 POINT34
INDI POINTII
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Fig. 54. Space Graph

Sup0

S25 S mi.

S7?

wtric diagram~

-)>(create phob 'ball)
G0277

A constraint representation of a ball has now been created and given the name "phob" 'his
constraint holds assumptions about the ball's motion, pointers to a description of its actual motion, and a
representation of its initial state.

->>(set-parameter (>> time initial-state phob) 0.0)
0.0

We will be arbitrary about the time, and ignore units.

-)>(set-parameter (>> position initial-state phob) '(sreglonl))
(SREGIONI)

The Space Graph provides a vocabulary for qualitative descriptions or position

A
-p.---
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->>(sel-pa,-ameter (>> direction Initial-state phob) '(left down))
(LEFT DOWN)
->>(set-parameter (>> next-motion initial-state phob) 'fly)
FLY

The qualitative description of the initial state is complete, and so the kinds of motion possible

can be envisioned.

COMPUTING SEQUENCE GRAPH FOR (>> INITIAL-STATE PHOB)
UPDAIING ASSUMPTIONS FOR (>> INITIAL-SIATE PIIOB)
38 ALIVE OUT OF 38 FOR (>> INITIAL-STATE PHOB)

'lle status of the nodes in the Sequence Graph is checked whenever assumptions are changed as

well as when created. Htere is a printed representation of some of the SI'Q nodes from the Sequence

Graph. G0279 is the internal name for the initial state of phob.

THIS IS THE START NODE OF THE GRA'II FOR G0279
SEQO
(FLY SHEGIONI (LEFT DOWN))
CAN BE REACHED BY (SEQ29)
NEXT CAN BE (SEQI SEQ2)

SEQI
(PASS SEGMENT29 (LEFT DOWN))
CAN BE REACHED BY (SEQO)
NEXT CAN BE (SEQ3)

SEQz
(PASS SEGMENT28 (LEFT DOWN))
CAN BE REACHED BY (SEQO)
NEXT CAN BE (SEQ4)

SEQ3"
(FLY SREGION3 (LEFT DOWN))
CAN BE REACHED BY (SEQ14 SEQI2 SEQI)
NEXT CAN BE (StO5 SEQ6)

SEQ4
(FLY SREGIONO (LEFT DOWN))
CAN BE REACHED BY (SEQ34 SEQ2)
NEXT CAN BE (SEQ7 SEQ8)

SEQ5
(COLLIDE SEGMENT6 (LEFT DOWN))
CAN BE REACHED BY (SEQ3)
NEXT CAN BE (SEQ9 SEQIO SEQIl SEQ12)

SEQg
(SLIDE//STOP SEGMENT6 (LEFT DOWN))
CAN BE REACHED BY (SEQ5)
Tills IS A TERMINAL NODE

A graphical representation is far more convenient. SFQ nodes will be represented by

superimposing them on the Space Graph. Nodes with a specific direction will be represented by an arrow

drawn in that direction, while SI.It'/STOP, STOl', and nodes without directions are drawn as circles.

Figure 55 is a drawing of the Sequence Graph for the initial state.

The Sequence Graph can be concisely summarized-



Fig. 55. Sequence Graph

L L.

rr

_trlc dia ran ___________

->>(motiofl-suIUayfor phob)

FOR G0277
IT IS UNCLEAR WHETHER OR NOT IT WILL STOP

IT MIGHT LEAVE THE DIAGRAM AT (SIGMFNT23 SEGMENT24 SEGMENT25 SEGMENT26)

OR STOP FLYING AT ONE Of (SEGMfNTG SEGMENT7)

NIL
->>get sreglonl ()) initial-state phob))

(((FLY (LEFT)) .SLQ29) ((FLY (lEFT UP)) .SL023) ((FLY (LEFT DOWN)) .SFQO))

SE-'Q nodes arc indexed in the Space Graph under the nanme of tile place in themn and thle state of

a ball they rcfcr to. Adding information canl only reduice tie possible kinds of motion. Assume for a

moment that dic ball is completely inelastic.

->>(set-parameter (>) c-o-r initial-state phob) 0.0)

0.0
CHECKING MOTION Of (>) P1108)

UPDIATING ASSEJM11 IONS IOR ()) INIIIAI -SIAIF P1100)

14 ALIVE OUT 01 38 IOR (>> INIT hAL-STAlL PHOB)
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C11tCKING PATH OF MOTION AGAINST ASSUMPTIONS
->>(motion-sumary-for phob)

FOR G0277

Till BAIL WILL IVNIUALLY STOP
If MIGIII ILAV[ lit DIAGRAM Al (S[GMINT23 SEGMENT24)

OR SIOP ILYING AT ONE OF (SIGMINI6 SEGMENT7)
NIL

l:igtrc 56 is a dras ing (if the resulls. All of the stales of mofI un made possible by recoil from I

surface are ruled out. Suppose the ball were perfectly elastic -

->>(set-pa'aineter (>> c-o-r initial-state phob) 1.0)
1.0
CIffCKING MOTION OF (>> PIOB)
UPIDATING ASSUMPTIONS FOIl (>> INITIAI-STAIE PIIOB)
36 ALIV[ OUT Of 38 FORT (>> INITIAl-STAfF PHOB)
CIIIClUNG PATiH OF MOTION AGAINST ASSUMPTIONS

Fig. 56. Sequence Graph for COR = 0.0

imet lddaga

met IC_ d 8 Ir
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->>(motion-sumnary-for phob)

FOR G0277
THE BALL WILL CONTINUE TO MOVE
IT WILL LEAVE Tile DIAGRAM AT (SEG4ENT23 SEGMENT24 SEGMENr25 S[GMENT26)

NIL

The new state of die Sequenc Graph is shown in figure 57. The reason for not helieviig a IIode

is maintained-

->>(why-not seqg)
(SLIDE/STOP SFGMENt6 (LEFT DOWN)) IS UNATTAINAILE BECAUSE
(ELASTIC)

SEQ9

We can make other assumptions about the motion of the ball.

->>(cannot-be-at phob segment30)
(SEGMENT30)

Fig. 57. Sequence Graph for COR = 1.0

I'.. -__________

13rl as Ita Il

il

16:
2r d2r

V!
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UPDAIING ASSUMPIIONS FOR (>> INITIAL-STATE PIOB)
34 Al IVE OUI Of 38 FOR (>> INITIAL-SfATE P1OB) 
CHECKING PAIII O MOIION AGAINST ASSUMPTIONS
->>(motion-summnary-for phob)

FOR G0277
TIHE BALI WILL CONTINUE TO MOVE
IT WILL LLAV[ lilE DIAGRAM AT (SEGMENT23 SEGMENT24 SEGMEN125 SEGMENT26)

NIL

Figure 58 shows the results of making that assumption. At first glance this assumption seems to

haw¢ had little effect. Let uS Cxamine thc Situation more closely.

->>(get sregionO (>> initial-state phob))
(((fLY (LEFT)) . SEQ34) ((FLY (LEF UP)) . SEQ33) ((FLY (LEFT DOWN)) SEQ4))
->>(pseq suq4)

SE04
(FIY SRFGIONO (LEFT DOWN))
CAN BE IEACIIED BY (SE34 SEQ2)

Fig. 58. Sequence Graph, assuming Segment30 unreachable

:t Ig f

V,

metric diagram
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NEXT CAN BE (SEQ7 SEQ6)
SEQ4
->>(why-not seq7)
(PASS SEGMENT30 (LEFT DOWN)) IS UNAFTAINABLE BECAUSE
(CANNOT-REACH SLGMENT30)sEQ7
- (why-not seq8)
(CONTINUE SEGMENT23 (LEFT DOWN)) IS ATTAINABLE

NIL

While the Sequence Graph doesn't look very different, tiere is now a set of 111uttually exclusive

possibilities for the ball's motion. We will choose one by making another assumpt:on..

- >(must-be-at phob segment7)
(SEGMENT7)
UPDATING ASSUMPTIONS FOR (>> INiTIAL-STATE PHOB)
23 ALIVE OUT OF 38 FOR ()> INITIAL-STATE PHOB)
CHECKING PATH OF MOTION AGAINST ASSUMPTIONS

Figure 59 shows the results.

-)>(get sregionO (>) initial-state phob))
(((FLY (LEFT)) . SEQ34) ((FLY (LEFT UP)) . SEQ33) ((FLY (LEFT DOWN)) . SEQ4))
-)>(why-not seq34)
(FLY SREGIONO (LEFT)) IS UNATTAINABLE BECAUSE
(REQUIRED-AT (SEGMENT7))

SEQ34
->)(get sregiont 'up)
SEGMENT25
->)(get segment26 (>) initial-state phob))
(((CONTINUE (LEFT UP)) . SEQ26))
->>(why-not seq26)
(CONTINUE SEGMENT25 (LEFT UP)) IS UNATTAINABLE BECAUSE
(REQUIRED-AT (SEGMENT7))

SEQ26

"fle ambiguity in the description has been greatly reduced.

->)(motion-summary-for phob)

FOR G0277
THE BALL WILL CONTINUE TO MOVE
IT WILL LEAVE THE DIAGRAM AT (SEGMENT24)

NIL

Let us summarize the assumptions about motion made so far...

->>(describe-it (>> assumptions phob))

(>> ASSUMPTIONS PHOB) - G0364
G0354 IS THE SET OF MOTION ASSUMPTIONS FOR (>> INITIAL-STATE PHOB)
THE ROOT Of ITS SEQUENCE GRAPH IS SEQO
REQUIRED PLACES ARE (SFGMENT27)
EXCLUDED PLACES ARE (SEGMENT30)

G0354
->)(get segment23 (>> initial-state phob))
(((CONTINUI (lEFT)) . SIQ37)
((CONIINU (IfTt UP)) . S1Q36)
((CONIINUE (LEFl DOWN)) . SEQ8)) I

Ai



Fig. 59. Assuming Segme 30 cannot be reached and Segment7 must be

%I-

metric diagram

-)>(why-not seq37)
(CONTINUE SEGMENT23 (LEFT)) IS UNATTAINABLE BECAUSE
(REQUIRED-AT (SEGNENT27))

SE037

For simulation more exact information is required.

->>(set-parameter (>> x Initial-state phob) -2.0)
-2.0
->>(set-parameter ()> y initial-state phob) 0.0)
0.0
CONTRADICTON DISCOVERED CONCERNING (>> POSITION INITIAL-STATE PHOB)
WI!OSE VALUE (SRIGIONI) DEPENDS ON
I (>> POSITION INITIAL-SATE. PIIOII)z(SREGIONI) from USER
Til NEW VALUE (SRIGIONO) COMPUIED BY (RULE-I . G0279) DEPENDS ON

2 ( X INITIAl-SIAIF PllOR)-2.0 from USER
3 (>> Y INITIAL-STATE PIIOB)=O.O from USER
CIIOOSf ONE TO RIIRACT BY CALlING ANSWER WITII ITS NUMBER

;3KPi CONTIRADICTION-IIANDLER
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Of Course. this information must be consistent with dhe qualitative descriptions already giv en.

We wit! choose to retract die X coordinate.

(answer 2)
Sp
->>(set-paranieter (>> x initial-state phob) 2.0)
2.0
FLY DUE TO GRAVITY AND UNSUPPORTED PIIYSOB

Knowing the X and YV coordinates caused a Metric D~iagram element representing the position

to be created.

-))(what-is (>> geometry initial-state phob))
(>> GEOMETRY INITIAL-SlATE P1105) = POINT36
NIL
->>(why (>> geometry initial-state phob))
I used rule (IlULE-8 >> INITIAL-STATE P1105) on the following inputs:

(>> X INIIIAL-STATE PHOB)
(>> Y INITIAL-STATE PHOIJ)

(G0285 G0286)

The initial position of the ball is shown in figure 60. An intermediate value] of elasticity is more

likely to satisfy our assumptions.

->>(change-parameter (>> c-o-r initial-state phob) 0.6)
0.6
CHECKING MOTION OF ()> P1100)
UPDATING ASSUMPTIONS FOR (> INITIAL-STATE PHOIJ)
24 AtIVE OUl OF 38 FOR (>> INITIAL-STATE PHOB)
CHECKING PAulI OF MOTION AGAINST ASSUMPTIONS
-))(set-parameter (>> speed initial-state phob) 5.0)
5.0
-)>(set-parameter (>> heading initial-state phob) 220.0)
220.0

Now we have enough information to simulate the motion of die ball. We should try a single

bounTce first -

->>(simulate phob 3.)
NIL
THEf CURRENT MOTION WILL HE FLY
F INDIING WII PARABOLA LANDS GOING (LEFT DOWN) STARTING FROM POINT54

PARABFI[A2 LIMIT IS POINT52
EOOKING FOR COil ISION GOING AL-ONG (LEIT DOWN) ON PARAIIOLA2

FROM POINT54 ID POINT55
ON Fiff PATH ARE (((-1.770668353 -8.0) SEGMENT4))

flLt CURRINI MOTION WILL BE COLLIDE

FLY AWAY FROM4 G0226 AT HEADING 116.0861008
iILf CURRINI MOTION WILL BF 1 LY
-4.773155354 . -4.933698222 1S (LEFT UP) LIMIT ALONG PARABOLA3
LOOKING FOR COLt ISION GOING ALONG (LEFT UP) ON PARABOLA3

FROM P01NI63 TO POINT62
ON Tiff PATH ARE NIL
NO CDLLISION FOUND
FLY DiOL TO GRAVITY AND UNSUPPORTED PIIYSOB
THlE CURRENI MOTION WILL BE FLY
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Fig. 60. Initial position of thc ball

Ietric diagran

BUT ENOUGH HAS BEEN BONE
CHECKING MOTION OF (>> PHOB)
UPDATING ASSUMPTIONS FOR (>) INITIAL-STATE PHOD)
24 ALIVE OUT OF 38 FOR (>> INITIAL-STATE P1105)
CHECKING PAIH OF MOTION AGAINST ASSUMPTIONS

T he Metric Diagram is drawn in Figure 61. The path through the Sequence Graph forms a
qualitative description of the actual motion

->>(describe-it (>> path phob))

(>) PATH PHOR) -G0345
G0345 IS flit STATE PATH FROM (>> INITIAL-STATE P1105)
THE STATE FRAJECTORY IS

(ILY (SHIiGIONI) (LEFT DOWN))
(PASS (StGMLNI29) (LEFf DOWN))
(FLY (SRIFGION3) (LEFT DoWN))
(PASS SIGME.NT27 (LEFT DOWN))
(FLY (SPIGIONZ) (LEFT DOWN))
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Fig. 61. The first three acts in Phob's notion

metric dlagrarm

(COLLIDE (SEGMENT7) (LEFT OOWN))

(FLY (SEGMENT7) (LEFT UP))

(FLY (SRFGION2) (LEFT UP))

(FLY (SREGION2) (LEFT))
G0345
->>(mtion-summary-for phob)

NO QUALrIAFlVE DESCRIPTION FOR (>> PHYSOB2)

ONE IS BEING CREATED

COMPUTING SEQUENCE GRAPH FOR (>) PHYSOB2)

UPDATING ASSUMPTIONS FOR (>> PIIYSOB2)

9 ALIVE OUT OF 18 FOR (>> PIIYSOB2)

FOR G0277

TilE BALL WILI. EVENTUALLY STOP
IT MIGHT LEAVE THE DIAGRAM At (SEGMENT24)

OR STOP FLYING AT ONE OF (SEGMENT7)

NIL

"The Sequence Graph for Physob2 is shown in Figure 62. We can simulate some more, until

either the hall stops or it leavcs the diagram...



Fig. 62. Sequence Graph after a bounce

Z2SRO to SRI It

metric diagram~

->>(simnulate phob 5)
NIL
THE CURRENT MOTION WILL BE FLY
FINDING WIHRE PARATIA LANDS GOING (LEFT DOWN) STARTING FROM POINT68

PARIAJOIA4 LIMIT IS POINT67
LOOKING FOR COLLISION GOING ALONG (LEFT DOWN) ON PARABOLA4

FRON POINT68 ro POINT69
ON THE PATHI ARE (((-7.775642358 -8.0) SEGNEN[4))
COtlT 1510 IS ((-7.775642358 -8.0) SEGMENT4)
filE CURIINI MOTION WIlL Of COLLIDE
FLY AWAY FROM G0226 Al HEADING 129.2141136

ili CUIRII M OT ION WIT L BEFELY
-9.57713456 .- 6.896131363 IS (LEFT UP) LIMIT At-ONG PARADOLAS

lOOKING IOR COLLISION GOING ALONG ([TVl UP) ON PARAIJOLA5
FROM P0INT177 TO POINT76

ON THE PATH ARE NIL
NO COIlISTON FOUND

FhY DU! 10 GRAVITY ANTD UNSUPPORTED PIIYSOB
THEl CURRINT MOTION WILL TE FLY

INiDING WIIT11 PARABIOLA LANDS GOING (LEFT DOWN) STARTING FROM POINT82

' PAR[?OIA LIMI IS PINT6



PARABOLA6 LIMIT IS POINT80

LOOKING FOR COLLISION GOING ALONG (LEFT DOWN) ON PARABOLA6
FROM POINT82 TO POINT83

ON TIlE PATH ARE NIL
NO COLLISION FOUND
THE CUflRENI MOTION WILL DE CONTINUE

CHECKING MOTION OF (>> PIIOB)
UPDATING ASSUMPTIONS FOR (>> INITIAL-STATE PHOB)
24 ALIVE OUT OF 38 FOR (>) INITIAL-STATE PtOB)
CHECKING PATH OF MOTION AGAINST ASSUMPTIONS

I'he trajectory is shown in figure 63. Since this description of motion is complete, we know that

our assumptions about it were consistent. I .et us examine the full path-

-)>(describe-it (>) path phob))

(>> PATI PHOB) = G0345
G0345 IS TIHE STATE PAIH FROM (>> INITIAL-STATE PHOB)
THE STATE TRAJECTORY IS
(FLY (SREGIONI) (LEFT DOWN))

Fig. 63. Full trajectory for Phob

metric di aran

II



(PASS (SEGMENT29) (LEFT DOWN))
(FLY (SREGION3) (LEFT DOWN))
(PASS (SEGr4ENT27) (LEFT DOWN))
(FLY (SREGION2) (LEFT DOWN))
(COLLIDE (SEGMENT7) (LEFT DOWN))
(FLY (SEGMENT7) (LEFT UP))
(FLY (SREGION2) (LEFT UP))
(FLY (SREGION2) (LEFT))
(FLY (SREGION2) (LEFT DOWN))
(COLLIDE (SEGMEN17) (LEFT DOWN))
(FLY (SLGMENT7) (LEFT UP))
(FLY (SREGION2) (LEFT UP))
(FLY (SREGION2) (LEFT))
(FLY (SREGION2) (LEFT DOWN))
(CONTINUE (SEGMENF24) (LEFT DOWN))
G0345

Finally, here is a description (if the Action Sequence for the motion.

->)(describe-action-sequence phob)

(>> INITIAL-STATE PHOB) =60279
G0279 IS A PHYSOB WHOSE NAME IS UNSPECIFIED
AT TIME =0.0
IT IS AT 2.0 . 0.0 REPRESENTED BY POINT36
ITS C-0-R IS 0.6
IT IS CONNECTED TO NIL
IT [S MOVING (LEFT DOWN) AT A SPEED OF 5.0 AND HEADING 220.0
THE PREVIOUS-ACT WAS UNKNOWN
THE NEXT-MOTION IS FLY
THE NEXT-ACT IS G0328

(>> ACTION-SEQUENCE PHOB) =60328
G0328 IS AN INSTANCE Of ACT
THE STATE BEFORE IS (>> INITIAL-STATE PHOB)
THE MOTION IT UNDERGOES IS (>> FLY-SIMULATEO)j
THE STATE AFTER IS (>> PHYSOBO)

(>) FLY-SIMULATEO) = G0452
G0452 IS AN INSTANCE OF FLY
THE STATE BEFORE IS (>> INITIAL-STATE P1109)
THE BALL'S STATE AFTERWARD IS (>> PHYSOBO)
DIRECI ION Of FLIGHT IS (LEFT DOWN)
FLIGHT IS FROM 2.0 , 0.0 TO -1.770668353 . -8.0

()> PHYSOBO) 6 0406
60406 IS A PHYSOB WHOSE NAME IS UNSPECIFIED
AT TIME =0.984451612
IT IS AT -1.770668353 , -8.0 REPRESENTED BY POINT57
ITS C-O-R IS 0.6
IT IS CONNFCTED TO ((CONTACT SEGMENT4))
IT IS MOVING (LEFT DOWN) Al A SPEED OF 13.58970198 AND HEADING 253.6295071
THE PREVIOUS-ACT WAS G0328
THE NEXT-MOTION IS COLLIDE
THE NEXT-ACT IS G0395

(>> ACTO) 6 0395
60395 IS AN INSTANCE OF ACT
IHE STATE BEFORE IS (>> PHYSOBO)
tHEF MOTION IT UNDERGOES IS (>> COLLIDEO)
T1HE STATE AFTER IS (>> PHYSOBI)

p) COIIDoO) 60950



G0950 IS AN INSTANCE Of COLLIDE
lHE STATE BEFORE IS (>> PIIYSOBO)
THE BALL'S STATE AFIERWARDS IS (>> PHYSOBI)

IT COLLIDED WITH (>) FLOOR) AT POINT57
Tile SURFACE NORMAL AT TlIS POINT IS (0.0 1.0)
III[ OBJECT STRUCK WITH SPEED 13.58970198 AND HEADING 253.6295071
11 RECOILED WITH SPEED 8.71056743 AND HEADING 116.0861008

(>> PIIYSOBI) = G0904
60904 IS A PIIYSOB WHOSE NAME IS UNSPECIFIED
Al TIME = 0.984451612
IT IS AT -1.770668353 , -8.0 REPRESENTED BY POINT58
IS C-O-R IS 0.6

It IS CONNECTED TO ((CONTACT SEGM:NT4))
I1 IS MOVING (LEFT UP) AT A SPEED OF 8.71056743 AND HEADING 116.0861008
THe PIIFVIOUS-ACT WAS G0395
IHE NLXI-MOTION IS FLY

THE NFXT-ACT IS G0893

(>> ACII) = G0893

G0893 IS AN INSTANCE OF ACT
fIN STATE BEFORE IS (>> PHYSOBI)
THE MOTION IT UNDERGOES IS (>> FLY-SIMULATEl)

THE STATE AFTER IS (>> PHYSOB2)

(>> FLY-SIMULATEI) = G1116

G1116 IS AN INSTANCE OF FLY
THE STATE BEFORE IS (>> PHYSOBi)
THE BALL'S STATE AFTERWARD IS (>> PHYSOB2)
DIRECTION OF FLIGHT IS (LEFT UP)
FLIGHT IS FROM -1.770668353 , -8.0 TO -4.773155354 , -4.933698222

(>> PHYSOB2) = G1070
G1070 IS A PIIYSOB WHOSE NAME IS UNSPECIFIED
AT TIME = 1.768345312
IT IS AT -4.773155354 , -4.933698222 REPRESENTED BY POINT64
ITS C-O-R IS 0.6
IT IS CONNEZTED TO NIL
IT IS MOVING (LEFT) AT A SPEED OF 3.830222134 AND HEADING 179.9999999
THE PREVIOUS-ACT WAS G0893
THE NEXT-MOTION IS FLY
THE NEXT-ACT IS G1059

(>> ACT2) - G1059

G1059 IS AN INSTANCE OF ACT
THE STATE BEFORE IS (>> PHYSOB2)
THE MOTION IT UNDERGOES IS (>> FLY-SIMULATE2)

THE STATE AFTER IS (>> PHYSOB3)

(>> FLY-SIMULATE2) G1338
G1338 IS AN INSTANCE OF FLY
TiE STATE BEFORE IS (>> PHYSOB2)
TiE BAIL'S STATE AFTERWARD IS (>> PHYSO93)
DIRECTION Of FLIGHT IS (LEFT DOWN)
FLIGHT IS FROM -4.773155354 , -4.933698222 TO -7.775642358 , -8.0

(>> PHYSOB3) - G1292

G1292 IS A PHYSOD WHOSE NAME IS UNSPECIFIED
AT TIME = 2.552239014

IT IS AT -7.775642358 , -8.0 REPRESENTED BY POINT7I
ITS C-O-R IS 0.6
IT IS CONNECTED TO ((CONTACT SEGMFNT4))

IT IS MOVING (LEFT DOWN) AT A SPIED Of 8.71056743 AND HEADING 243.9138994



THE PREVIOUS-ACT WAS G1059

THlE NEXT-MOTION IS COLLIDE
]HE NEXT-ACT IS G1281

(>> ACT3) =G1281
G1281 IS AN INSTANCE OF ACT
THE STATE BEFORE IS (>> PHYSOD3)
THll MOTION If UNDERGOES IS (>> COLLIDEl)
THlE STATE AFTER IS (>> PHYSOB4)

(>> COLt IDEI) =G1505
G1505 IS AN INSTANCE OF COLLIDE
THE STATE BEFORE IS (>> PHYSOB3)
THlE BALI'S STATE AFTERWARDS IS (>> PHYSOB4)
11 COLT IDET) WITH (>> FLOOR) AT POINT71
1l11 SURFACE NORMAL AT THIS POINT 1S (0.0 1.0)
11lE OTIJECI STRUCK WITH SPEET) 8.71056743 AND HEADING 243.9138994
I1 RECOILED WITH SPEED 6.058367737 AND HEADING 129.2141136

()PHYSOP4) =01459
G1459 IS A PIIYSOB, WHOSE NAME IS UNSPECIFIED
Al' TIME =2.552239014
IT IS AT -7.775642358 -8.0 REPRESENTED BY POINT72
[ITS C-O-R IS 0.6
IT IS CONNECTED TO ((CONTACT SEGMENT4))
IT IS MOVING (LEFT UP) AT A SPEED Of 6.058367737 AND HEADING 129.2141136
THE[ PREVIOUS-ACT WAS 01281
TlEt NEXT-MOTION IS FLY
THE NEXT-ACT IS G1448

(>> ACT4) 0 1448
G1448 15 AN INSTANCE OF ACT
flHE STATE BEFORE IS (>> PHYSOB4)
TIlE MOTION IT UNDERGOES IS (>> FLY-SIMULATE3)
THlE STATE AFTER IS (>> PHYSODS)

(>> FLY-SIMULATE3) =01671
01671 IS AN INSTANCE Of FLY
THit STATE BEFORE IS (>> PHYSOB4)
flHE BALL'S STATE AFTERWARD IS (>> PHYSOBS)
DIRECTION Of FLIGHT IS (LEFT UP)
FLIGHT IS FROM -7.775642358 , -8.0 TO -9.57713456 -6.896131363

(>> PIIYSOB5) 0 1626
01625 1S A PHYSOB WHOSE NAME IS UNSPECIFIED
Ar TIME =3.022575233
IT IS AT -9.57713456 .- 6.896131363 REPRESENTED BY POINT78
ITS C-O-R IS 0.6
It IS CONNECTED TO NIL
It IS MOVING ([EFT) AT A SPEED OF 3.830222134 AND HEADING 179.9999999
flit PIlVIOUS-ACT WAS 01448
THE NEXT-NOTION IS FLY
THEf NEXT-ACT IS G1614

(>> ACTS5) 0 1614
01614 IS AN INSTANCE OF ACT
lilT STATE III FORE IS (>) PHIYSOR5)
Til MOTION It UNDIRGOFS IS (>> FLY-SIMUTATE4)
flit SlAfT AltERf IS (>> PHYSOBS)

(>FIY-SIMUTATF4) -01837
61837 IS AN IPSrANCE Of FLY
Tlit STATE RfITORE IS (> PIIYSOR5)
1111 HAIl .5 STAll AFTERWARD IS (>> PIIYSODS)
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DIRECTION OF FLIGHT IS (LEFT DOWN)

FLIGHI IS FROM -9.57713456 . -6.896131363 TO -10.0 -6.956952848

(>> PHYSOB6) = G1791

G1791 IS A PHYSOB WHOSE NAME IS UNSPECIFIED
AT TIME = 3.132977562
IT IS AT -10.0 , -6.956952848 REPIESENTED BY POINT84
ITS C-O-R IS 0.6
IT IS CONNECTED TO ((CONTACT SEGMrNTO))
I IS MOVING (LEFT DOWN) AT A SPEED Of 3.985548694 AND HEADING 196.0485959
THE PREVIOUS-ACT WAS G1614
TilE NEXT-MOTION IS CONTINUE

THE NEXT-ACT IS G1780

(> ACT6) = G1780
G1780 IS AN INSTANCE OF ACT
THE STATE BEFORE IS (>> PHYSOB6)
TilE MOTION IT UNDERGOES IS (>> CO4TINUEO)
THE STATE AFTER IS (>> PHYSOB7)

(>> CONTINUEO)= G2003
G2003 IS AN INSTANCE OF CONTINUE
THE OBJECT IS G1791
THE NUMBER OF ACTIONS LEFT IS UNKNOWN

(>> PHYSOB7) = G1957
G1957 IS A PHYSOB WHOSE NAME IS UNSPECIFIED
Ar TIME = 3.132977562
IT IS AT -10.0 , -6.956952848 REPRESENTED BY POINT85
ITS C-O-R IS 0.6
IT IS CONNECTED TO ((CONTACT SEGMENTO))
THE PREVIOUS-ACT WAS G1780
THE NEXT-MOTION IS UNKNOWN
THE NEXT-ACT IS UNKNOWN

(>> ACT7) = G1946
G1946 IS AN INSTANCE OF ACT
THE STATE BEFORE IS (>> PHYSOB7)

NIL
->>(dribble-end)
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9. Appendix 2- A CONLAN Overview

Physical systems are often describcd in terms of the constraints imposed bctwecn their parts.

Computations can also be organized around constraints in a declarative fashion, instead of imposing a
particular flow of information and control through the constraints to icld a nornal imperative program.
CONI.AN [Steele & Sussman] is a language organi/ed in this manner. A variant of this language was
used to encode the representations of objects in .'ROIB. For readers who Y ish to rnderstand the
representations in more detail, a briefovervie% of the language is presented here, including changes made
to increase efficiency, support the use of a diagram, and to allow constraint no (works to add parts to

themselves.

9.1 Basics

The basic descriptive element in CONI AN is the constraint body. A body has parts, which are

either other constraint bodies or cells. Cells hold %alues that describe properties of the object
represented by that body. A part is named by a path. such as

() x-component velocity physob3)

which evaluates to the cell corresponding to "the x-component of the Nelocity of physob3". A

cell that is shared may have a compound name, such as

(>> (speed physob3) (magnitude velocity physob3))

'his cell can be accessed either by the name

(>> speed physob3)

or

(>> magnitude velocity physob3)

Compt. ation occurs by rules attached to constraint bodies. A rule computes a value for a cell
given the values of some other cells. If the rule cannot return a value it can dismiss itself, and if it detects
an inconsistency it can signal a contradiction. The source of a value (either a rule or set by the user) is
alwa~s marked on a cell. A simple matching process compares values generated for a cell by alternate

sources, and signals a contradiction if they do not match. When a contradiction is found, the assumptions
invol~ed are offered up for inspection and possible correction.

The constraint body fi)r VECI'OR is illustrated below. The definition format is

(derbody (name> <partsl ist> (other things>)
where <name>=name of constraint.

"parts 1ist=(((partname> <type>) ....)
(other things)=specificattons of rules (formulae)

interconnect ions (wiring)

bookkeeping (if-removed)

The speci ical ion forimat of the rules are



(formulae
(<cell to be set>
<cells that are used to compute the value>
<body of code to execute>)

Wiring and if-removed will be discused later. Here is the constraint representation
for a vector-

(defbody vector ((magnitude cell)
(direction cell)
(x-component cell)
(y-component cell))

(formulae (x-component (magnitude direction)
(times magnitude (cosine direction)))

(y-component (magnitude direction)
(times magnitude (sine direction)))

(magnitude (x-component y-component)
(square-root (plus (square x-component)

(square y-component))))
(direction (x-component y-component)

(cond ((and (nearly-zero? x-component)
(nearly-zero? y-component))

*dismiss*);can't tell
(t (arctan y-component x-component))))))

9.2 Running Constraints

The computations specified with a constraint arc performed by an interpreter embedded in

LISP. The basic cycle of this interpreter can be described as READ-EVAL-PRINT-RUN, where READ,

EVAL., and PRINT are the same actions taken by the normal LISP top level. RUN refers to the process

of servicing the queues of the constraint interpreter. The program waits for more input once the queues

are empty.
Below is an interaction with the interpreter while filling in the PHYSOB constraint (the state of

a hall at an instance of time). Commentary is on lines marked by ";". User input is in lower case, the

program's responses are in uppercase.

->>(create phob 'physob)
;create a PIIYSOB and call it PHOB
;creation occurs by instantiation of prototypes, to maximize
;shared structure
(>>) IS SETTING (>> REFERENCE-FRAME PHOB) TO

(NEAR-EARIII SIDE-VIEW).
(>>) IS SETIING (>> LOWIR-6OUND COR-CI1ECK PI1O) TO 0.0
()>) IS SEllING (>> UPPIR-BOUND COR-C!IECK PllO) TO 1.0
;some cells have values that are constants
G2147
;print result of create, start running rules
(RULE-16 >> '1108) IS SEllING (>> FORCES PHOB) TO (GRAVITY)
;if near the earth, gravity works
->>(set-parameter (>> x phob) 5.0)
(>>) IS SEllING (>> X P1100) TO 5.0

5.0

a~ ~ ..........
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- >(set-parameter ()> y phob) 5.0)
(>>) IS SETTING ()> Y P1108) TO 5.0

5.0
(RULE-a >> P1100) IS SETTING (>> GEOMETRY PIIOB) 10 POINT70
(RULE-12 >> Pl110) IS SETTING (>> CONNECTIONS P1100) TO NIL
;knowing x and y determines the pcint. and the point is checked
;against the diagram to see what it touches
(RULE-1l >> P1100) 1S SETTING (>> Y PIIOB) TO 5.0
(RULE-la )> P1108) 1S SETTING (>> X PIIOB) TO 5.0
;these rules compute x and y giver, a point. Since values are
;already known for these, they are just checked to see if they
;are consistent
(RULE-i >> P11013) IS SETTING ()CEOMETRY-TYPE P1100) TO POINT
(RULE-I >> P1100) IS SETTING ()) )SIIION P11063) 10 (SREGION3)
;mapping to qualitative space representation is done locally
-")(set-parameter (>> speed phob) 5.0)

(>IS SETTING
S(SPEED P1100) (MAGNITUDE VELCCITY Pl110)) TO 5.0

5.0
(2<-I 1<=)2) IS SETTING

r> -:UDE INPUT-VECTOR PROJECTOR P1100) TO 5.0
(RUH PHOB) IS SETTING (>> kAX-1IEIGIIT P1108) TO 6.25250501
(1<-2 1<=>2) IS SETTING
(>N (i'LD P1100) (MAGNITUDE VELOCITY P1108)) TO 5.0

;MAX-IIEIGIII captures the energy of the ball
->)(set-parameter (>> heading phob) '(200.0 degrees))
()>) IS SETTING
(> (HIEADING P1100) (DIRECTION VELOCITY P1l00)) TO 200.0

(200.0 DEGREES)
(2<-i >> 1<=>2) IS SETTING
(>> DIRECTION INPUT-VECTOR PROJECTOR P1100) TO 200.0
(RULE-li >> P1100) 15 SETTING (>> DIRECTION P1100) TO (LEFT DOWN)
describe the heading in qualitative terms
(RULE-2 )> VELOCITY P1106)
IS SETTING (>> Y-COMPONENT VELOCITY PHOB)

TO -1.710100803
(RULE-I >> VELOCITY P1106)
IS SETTING (>> X-COMPONENT VELOCITY PHOB)

TO -4.698463086
(1<-2 >> 1<=>2) IS SETTING
(>> (HIEADING Pll00) (DIRECTION VELOCITY P1100)) TO 200.0

(RUIE-2 >'> INPUT-VECIOR PROJECTOR P1100) IS SETTING
(>> (VY PROJECTOR P1108) (Y-COMPONLNT INPUT-VECTOR PROJECTOR P1108))

TO -1.710100803
(RULE-i >> INPUT-VECTOR PROJECTOR P1100) IS SETTING
(> (VX PROJLCTOR P1100) (X-COMPONENT INPUT-VECTOR PROJECTOR P1100))

TO -4.698463086
FtY DUE TO GRAVITY AND UNSUPPORTED PHYSOB
;this cryptic message is printed by RULE-19
(RUIE-ig >> P1100) IS SETTING (>> NEXT-MOTION P1100) TO FLY
;not supported implies flying
(RULE-2 >> P1100) 1S SETTING
(>> STATE P1100) TO (FLY (SREGION3) (LEFT DOWN))

;compute the qualitative description of the state
(2<-i )> 1<=>2) IS SETTING
(>> (VY PROJECTOR P11011) (Y-COMPONLNT INPUT-VECTOR PROJECTOR Pl100))

TO -1.710100803
(RUI f-4 >) VELOCITY Pl110)

1S S1ITTING (>> (IIIAIIING P11013) (DIRlECTION VELOCITY P1100))
TO 200.0000027

(PtIE 1-3 )) V[IOCITY Pl100)
IS SI ITING ()> (SPIIID Pll00) (MAGNITUDE VELOCITY P1100))

10 5.000000015
(21 1 )) 10>2) IS SITTING

(VXT "IIJECIOR 111108) (X-COT4PONTNT INPUT-VECIOR PROJECTOR P1100))



TO -4.698463086
(RULE-4 >> VELOCITY PHOB) IS SETTING
(>> (HEADING P1108) (DIRECTION VELOCITY PHOB))

ro 200.0000027
(RUIE-3 >> VELOCITY P1108) IS SETTING
(>> (SPEED P1108) (MAGNITUDE VELOCITY P1108))

ro 5.000000015
(1<-2 >> 10~>2) IS SETTING (>> Y-COMPONENT VELOCITY P1108) TO -1.710100;03 f
(RUEE-4 >> INPUT-VECTOR PROJECTOR PHOB)
IS SETTING (>> DIRECTION INPUT-VECTOR PROJECTOR PHOB)

TO 200.0000027
(RULE-3 >> INPUT-VECTOR PROJECTOR P1108)
IS SETTING (>> MAGNITUDE INPUf-VFCTOR PROJECTOR PHOB)

TO 5.000000015
(1<-2 >> 1<=>2) IS SETTING (>> X-COMPONENT VELOCITY P1108) TO -4.698463f86
(RULE-4 >> INPUT-VECTOR PROJECTOR PHOB)
IS SETTING (>> DIRECTION INPUT-VECTOR PROJECTOR PHOB)

TO 200.0000027
(RULL-3 >>' INPUT-VECTOR PROJECTOR P1108)
IS SETTING (>'> MAGNITUDE INPUT-VECTOR PROJECTOR PHOB)

TO 5.000000015
;lots of checking done
(HULE-2 >> PHOB) ALREADY RUN
(RULE-5 >> PHOB) IS SETTING (>> NEXT-NOTION P1108) TO FLY
(RULE-4 >> P1108) 1S SETTING (>> DIRECTION PHOB) TO (LEFT DOWN)
(RULE-3 >> PHOB) IS SETTING (>> POSITION 11110D) TO (SREGION3)
- >(set-parameter (>> c-o-r phob) 0.5)
(>>) IS SETTING
(>> (CHECKED-VALUE COR-CHECK P1108) (C-O-R PHOB)) TO 0.5

0.5
-)>(describe-lt phob)
G2147 IS A PHYSOB WHOSE NAME IS UNSPECIFIED
AT TIME =UNKNOWN
11 IS AT 5.0 , 5.0 REPRESENTED BY POINT70
THE FRAME OF REFERENCE IS (NEAR-EARTH SIDE-VIEW)
ITS C-O-R IS 0.5
IT IS CONNECTED TO NIL
IT IS ACTED ON BY (GRAVITY)
IT IS MOVING (LEFT DOWN) AT A SPEED OF 5.0 AND HEADING 200.0
THE PREVIOUS-ACT WAS UNKNOWN
THE NEXT-MOTION IS FLY
THE NET-ACT IS UNKNOWN

(>> PHOB)
- >(drlbble-end)
;tinis

T Ihe source of a cell's value is noted along with thc value itself. This canl be the name of at rule or

some mark denoting the value as an assumption or constant. If two sources compute different values for

the same cell, a contradiction is signalled, and tie assumptions Underlying the valucs are traced down and

presented to the user for possible retraction.

9.3 Modiications

A single constraint is not very useful. We want to build desriptions of situations by) linking uip
constraints into networks. In the original CONLAN this was aiccomnplished hy the same cquomlity

mechanism that was used to specify that two parIs within a Lonslr.,int body were realh the same thing.

That is,

('speed (>> magnitude velocity))
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placed two rules between (> speed phob) and (>> magnitude velocity phob), such that when one was
known die other would be set to the same value. In tie trace above, these roles were called (>> I<-2
1<=>2) and (>> 2<-i 1K=>), where 1<=>2 is the prototype equality constraint. Constraints could then
be formed into a network by equating parts belonging to two different constraints.

While at %'ery useful idea, the simple notion of equality is not really adequate. First, equality
within a constraint really means that two things are the same, not that their cells always have the same
values. If parts of a network can be retracted, this is not true of equalit between parts of different

conistraint bodies. Secondly, reCquires unnecessary duplication ofStructore1-. !:or exiample, each ACT
constraint , oUld need two copies of the II YSOI constraint, whose sole purpo;e is to hold quantities
that might be desired for computation within the constraint. I.astly, it would bt. con enient to include

s" hhin the constraint itself t A a of specifying how it can be hooked tip to ( ther constraints. New
mechanisms hase been added to CONLAN to ameliorate these problems.

IEquality between parts of a constraint are expressed using R = = instead of l)uring the
instantiation process R ==is interpreted as "create one thing, and call it by these names". T[he efficiency
gained in a complicated constraint can be considerable.

A special cell type is defined to facilitate specification of linkages between constraints in the

constraints themselves. A CONLAN-CI.1. has only other constraints ats its value. TIhese cells act as
indirects, in that a reference path including them goes down the constraint that is its %alue, rather than

stopping at the cell. For example,
(>)i path motion action-sequence phob)

returns the path cell for whatever motion (an instance of FIY, for example) is the value of the MOTION

cell for PI 1011's Action Sequence.

The connections between constraints are specified by wirin rles. A wiring rule fires when the
CONI.AN-CEI.ios it depends upon are known. The body of a wiring rule consists of calls to and
St'T-PARAMFT'.R that connect the appropriate parts of the constraints togather. When one of the

CONI.AN-C-II~s is forgotten, a special function is run to undo the effects of the wiring rule.
Using the Metric Diagram with CONI.AN was facilitated by the definition of a

GIOMI.TRY-CFIl.. The value of a G'OMHTRY-CEI.l. is always a Metric i)iagram clement, and
%hen the cell is furgoutte this element is destroyed. Placing a value in a geometry cell causes the value to
he marked with the name of the rule that created it. 'his simplifies debugging. If the value of a geometry
cell is knok n. the rules that can set it are never run. This bookkeeping measure assures that the diagram

is not Cluttered with extra elements. Matching to detect inconsistencies is performed on cells that hold
the parameters that specify the diagram element, not on the diagram elements themselves.

The idea of a function to be run when a cell is forgotten is useful outside of just CON IAN and
G LOM F.I*R Y cells. F~or examIple, the Sequence Graph computation is based on thie qualitative state for
the ball. When this state is no lomger know n the Sequence Graph must he destroyed. Arbitrary programs
that will he run when a cell's value is forgotten L in be specified by the IF-RFMOVF) construct. '['his
rvde is run in addition to any actions on forgetting inherited because of the cell's type.

.~~ ~ ~ -111 A ,* '

woo"



9.4 Limitations

There arc times when the local nature of rcfcrcnccs in CONI AN is too confining] [or example,
it would bc desirable for die Action Sequence constraint inl FROB to have at cell that contains all] the

Metric D iagramn elements that comprise a ball's trajectory, or at cell inl a constraili that was des;crihing tilc

transistor in a \'l I chip that holds its connections in order to comIpute the amount Of Current dic

transistor needs to supply. T[his kind of cell cannot lbe explicitly specified in) CONI AN because all rules

take a fixed set of arguments. A rule also cannot explicitly use a global parameter inl its Computation.

One case where this would be useful is *n thle interpretation of the diagram. T[he relfcrence-fraine cell of

each lPlH'SOII contains the information that thle diagram is to be considered as thle side iew of a

Situation near thle earth. A better plac r li this in formlation Wotild be the SCFNI[ constrtaint, but then
sonic other programi Would have to ei-plicitly connect each PH1YSOH1 to the SCI'N I [The ibility to

spccify ageneral re ference path. conltit I ing patter-in matchinlg vaiabiiles, inl the SpccifiCatiOnIS of he Cell Set

or cells used b at rule \kould deal with this problem nicely.

T[he dependency system in CONLAN is too simple. '[he reference-fr-ame, to continue the

example above, is specified in FROB as a constant but in it more general system should be at default.

Aside from more general trtuth inaintaince features, signalling a contradiction during at mismatch can cite

too many premises as being reponsihie for the problem. 'The systeml Might instead runil all rules when a

xaIlue is added and intersect the assumptions fromt ll] contradictions that occur to get a minimal set.

Tlhe use of a single comparison function for all cells is also very confining - some types of cells

may contain numeric values of more accuracy than others, while others may be a b~ound for which

different rules should compute very different values. An example is the computation of die maximum

height at hall can reach. If the ball is going horizontally at some point in time and all surfaces below it are

oriented vertically or horizontally, thent thle current height is the maximium since die hori.ontal velocity

cannot be transformed into vertical velocity. T[his rule requires knowing the exact position of the ball, but

a bound onl the maximum height canl be computed with only the current height by assuming that all the

velocity can be dissipated against gratity. Putting both of these rules into die current system could lead to

a contradiction.

IThc explicit connections between cells and the rules thai use them means ihat CON[I AN does not require a paitcrn
directed data hase While pattern directed inkcalion is scry powerful, if is alsoi Ner) slow According to Sussinan [personal
commniication). the majoirit% of ihc ruit time in a ON NI VIR piograni was spent ini data base nianipitations Splitting the data
base rcdujce the time to access items. with thc purel% local referenicing' in CONI AN ie(lite oltitoate factiiii/ation

Ignoring the rolc of patitern doi reld i'.i caton led I ali linii n I aiitno 7911to conclude that espa iid in esecn the simplest
circuit into etitrait hodies wiould he unaccptahly slow U's pci iencc with I R() I slim, , this iN iwot the cawe. for the ronsti tint
bodW.S Used for the I1ounciiig ill wotIld arc mcli la rger I inn ihose forw circuits Ibhis in no %&a) delcii act f n the tiportanee of the
issucs aiddressed b) NT'l I hot only implies that (he problems of scale are iioi iuite as lircs~Iing as they, first seemed.
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